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ABSTRACT
Discovery and characterization of fungal enzymes capable of degrading lignin have
suggested the study of simpler compounds to mimic these enzymes. Use of these so-called
biomimetic compounds has been extended to applications in bleaching wood pulp. Attempts to
bleach pulp with biomimetic compounds have so far failed to demonstrate that these compounds
are selective catalysts for pulp delignification.
To be feasible as bleaching agents, such compounds must be selective, i.e.
demonstrate high reactivity toward lignin without severely damaging carbohydrates. The goal of
this thesis was to evaluate the selectivity of three biomimetic systems. The systems investigated
were ferrous sulfate, ferrous ion chelated with ethylenediaminetetraacetic acid (EDTA), and
hemoglobin, all in the presence of hydrogen peroxide. A polymeric, homogeneous model system
has been used to represent wood pulp. Lignosulfonate and hydroxyethyl cellulose (HEC) were
chosen as water-soluble, polymeric models for lignin and carbohydrate. Molecular weight changes
of these substrates were measured by High Performance Size-Exclusion Chromatography
(HPSEC) and viscometry, respectively.
When these substrates were individually exposed to each biomimetic compound in
the presence of hydrogen peroxide, substantial degradation of both lignin and carbohydrate model
compounds was observed. Rates of lignosulfonate and HEC degradation were separately
determined and compared for each biomimetic catalyst. Hemoglobin was found to be the most
selective for lignosulfonate degradation over HEC degradation. In addition, hemoglobin was
found to be the most effective for catalyzing the oxidation of lignosulfonate versus decomposition
of hydrogen peroxide to oxygen.
During these reactions the production of hydroxyl radicals was measured using a
chemiluminescence assay. Although hemoglobin interfered with this assay, results from the
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ferrous sulfate and chelated ferrous catalyzed reactions were obtained. Rates of hydroxyl radical
production in the ferrous system were directly related to bond cleavage of lignosulfonate.
When lignosulfonate and HEC were simultaneous exposed to hydrogen peroxide
and these catalysts, a high molecular weight product was formed. This product is the result of
condensation reactions between the lignin and cellulose models. Its formation is significant as it




Government regulations and increased environmental awareness have provided a
strong impetus for the pulp and paper industry to replace chlorine-containing chemicals used to
produce fully bleached wood pulp. Delignification with oxygen-containing agents, such as
oxygen, hydrogen peroxide, and ozone has necessarily become a more attractive bleaching
technology. Biotechnological applications are also receiving increased attention as viable adjuncts
to traditional chlorine bleaching. 1,2,3,4,5,6
The isolation and subsequent characterization of enzymes which are capable of
degrading wood components have greatly advanced technologies for enzymatic delignification and
bleaching. Key areas of interest have been pulp bleaching with enzymes which degrade lignin
(ligninolytic enzymes) or hemicelluloses, xylan in particular.4 ,7
Pulp bleaching with ligninolytic enzymes has not been very successful. This has
been attributed to substrate inaccessibility: others argue that the correct lignin-degrading enzymes
have not been identified. Biomimetics, the use of synthetic compounds to mimic biological
functions, may be more promising. Enzymes perform only specific functions and are often large
molecules. Biomimetic compounds can be designed to be smaller, more stable and perform
specific functions.
Lignin peroxidase, originally isolated from the white-rot fungus Phanerochaete
chrysosporium, is a lignin-degrading enzyme which has been widely studied.8 ,9 This enzyme
possesses an iron porphyrin group as cofactor. In addition, lignin peroxidase is dependent on
hydrogen peroxide for activity. Researchers have used various iron complexes to mimic the action
of lignin peroxidase, both to obtain a better understanding of the enzymatic mechanisms involved
in lignin biodegradation, and to investigate their potential as bleaching agents.1'0'1112,13
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For biomimetic bleaching systems to be considered as a feasible alternative to
chlorine bleaching, they must demonstrate a selectivity which favors lignin degradation over that of
carbohydrate. The selectivity of biomimetic systems has not been fully evaluated. In addition,
many of the compounds used in these studies are known to generate hydroxyl radicals in solution
(in the presence of an oxidant, typically hydrogen peroxide). The hydroxyl radical is highly
reactive and not known to be a selective oxidant. If, however, these catalysts can be used to direct
the unspecific hydroxyl radicals towards lignin, their utility as bleaching agents would be great.
This dissertation presents the results of an evaluation of three biomimetic
compounds for their selectivity for lignin degradation relative to that of carbohydrate. The
degradation of a lignin and a carbohydrate model compound were compared. Hydroxyl radicals
produced during these reactions were measured using a chemiluminescence assay, and their role in
selectivity discussed.
When the lignin and carbohydrate polymeric models were combined in reaction
solutions, a high molecular weight condensation product formed. This product is believed to limit
the effectiveness of delignificalion using biomimetic systems. It is likely that this condensation
product forms during other acid oxidative bleaching stages, i.e., ozone, and its role in these
processes should be investigated.
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LITERATURE REVIEW
This section contains a review of the literature pertinent to this work. First, a
detailed discussion of the enzymatic degradation of lignin is presented, describing the major
enzymes and mechanisms involved. Degradation of lignin model compounds, wood, and pulp by
lignin-degrading enzymes are also discussed. Next, the ability of biomimetic compounds to
degrade lignin model compounds and pulp is reviewed. Then the chemistry of acidic hydrogen
peroxide delignification of pulp is presented, with particular emphasis on the chemistry of peroxide
decomposition in the presence of iron.
ENZYMATIC DEGRADATION OF LIGNIN
The natural decay of wood and lignin by a variety of fungi has been extensively
studied. 8' 9' 14 Under the appropriate environmental conditions, white-rot fungi will completely
degrade all of the structural components of wood, producing carbon dioxide, humic substances
and water.14 The mechanism by which fungi degrade lignin has been an area of active
research. 8' 9,14 Phanerochaete chrysosporium has been the most widely studied of the white-rot
fungi; hence, enzymes discussed in the following section will be for the most part those isolated
from Phanerochaete chrysosporium cultures.
Ligninolytic Enzymes
Phanerochaete chrysosporium is a white-rot fungus which preferentially degrades
lignin. When starved of nitrogen, Phanerochaete chrysosporium exhibits high ligninolytic
activity. 8,9 In 1983, two independent laboratories announced the discovery of an extracellular
enzyme from the white-rot fungus Phanerochaete chrysosporium 15,16 This enzyme was called
ligninase for its ability to degrade lignin. Since that time much work has been done to elucidate the
role of ligninase (or more appropriately, lignin peroxidase) in the enzymatic degradation of lignin.
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The isolated enzyme was found to be dependent on hydrogen peroxide for activity,
and it catalytically contributed to degradation of various lignin-like compounds. Recent studies
have confirmed that there are about ten different isomers of lignin peroxidase.17 Four exhibit an
additional dependence on manganese,17 and are, therefore, referred to as manganese-dependent
peroxidases.
In an effort to establish a system of nomenclature for these enzymes, Farrell and
coworkers 17 have proposed to refer to lignin peroxidase as LiP and manganese-dependent
peroxidases as MnP. The most abundantly-produced isozyme under nitrogen-limited conditions
has an isoelectric point (pI) of 3.5. (The isoelectric point is the pH at which the charge on the
protein is zero. 18) This isozyme is referred to as LiP1 (previously called H8). The second most
abundant isozyme (pI = 4.4, or H2) is referred to as LiP2. As LiP1 is most commonly isolated
and used in experiments, LiP will be used to indicate LiPl throughout this document. Similarly,
MnP will be used to refer to the main isozyme of manganese peroxidase.
A review of the literature suggests that LiP and MnP are not the only enzymes
involved in the enzymatic degradation of the lignin polymer. Other enzymes believed to participate
in this process are briefly discussed.
Lignin Peroxidase
It has been determined that LiP contains a heme structure, an iron protoporphyrin
IX (Figure 1), as a prosthetic group. LiP has a molecular mass of about 42,000 - 43,000 daltons
and a carbohydrate content averaging about 15 - 21%.19 LiP has been crystallized and yields an
orthorhombic, brown crystal with four LiP molecules per unit cell.20
A catalytic cycle for LiP has been identified from spectral characterization of LiP
and its oxidized forms. 2 1 Figure 2 diagrams the role of the organic substrate, enzyme, and
hydrogen peroxide in a single catalytic cycle of the enzyme. This schematic shows how the
enzyme is first oxidized by the hydrogen peroxide and then reduced by organic substrates. The
-5-
Figure 1. Heme structure showing iron protoporphyrin IX.
Fe3 '
6
Figure 2. Catalytic cycle of lignin peroxidase (taken from Ref. 20).
reduction of LiP by the organic substrate causes a radical cation to form within the organic
substrate.
Manganese Peroxidase
MnP has also been isolated and characterized. 22 ,23,24 MnP has a molecular mass
averaging 45,000 - 47,000 daltons with a carbohydrate content of about 17%.23 It is believed that
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MnP is localized on the mycelium in fungal cultures. 23 This was discovered by examining
extracellular media from cultures of Phanerochaete chrysosporium for MnP activity. Little activity
was present in the culture media, but increased activity was observed when the mycelium was
extracted with 0.5 M NaCl to recover the enzyme.
The unique feature of MnP is its dependence on manganese for activity. The
catalytic cycle of MnP is shown in Figure 3, and is adapted from Gold, et al.25 Oxidation of the
native enzyme by hydrogen peroxide produces MnP Compound I. Subsequent oxidation achieved
via electron abstraction from MnP Compound I produces MnP Compound II. MnP Compound II
is then reduced to the native enzyme as Mn(II) is oxidized to Mn(El). This final reduction of MnP
Compound II to the native enzyme is only effectively carried out when Mn(II) is the substrate.
MnP Compound II can be reduced to the native enzyme MnP by organic substrates, but the
reaction rate is very slow.
Catalytic cycle of Mn-peroxidase (taken from Ref. 24).Figure 3.
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Laccases and Other Lignin-Degrading Enzymes
LiP and MnP are phenoloxidases, enzymes which catalyze the removal of one
electron from phenolic hydroxyl groups. Laccase, also a phenoloxidase, has been isolated in
ligninolytic cultures of several white-rot fungi.8 Several different types of laccases have been
isolated, usually containing 4 copper atoms per enzyme molecule, with average molecular weights
ranging from 62,000 to 210,000 daltons. 26
Little laccase is produced by Phanerochaete chrysosporium as compared to lignin
and manganese-dependent peroxidases; therefore, the importance of laccase in the enzymatic
degradation of lignin was originally questioned.8 It has been reported that a laccase, isolated from
Coriolus versicolor (a white-rot fungi), is able to degrade 1-0-4 and B-1 phenolic lignin model
compounds. Aromatic ring cleavage of 4,6-di(tert-butyl)guaiacol has also been reported.27
Laccase reportedly causes polymerization of lignin as well as depolymerization.8
Enzymes other than phenoloxidases have been found to be involved in lignin
degradation. The enzymatic degradation of lignin is part of the complex enzymatic system which
degrades all wood components. In this complex process it is highly probable that enzymes
involved in lignin degradation act synergistically with other enzymes to achieve complete
breakdown of lignin.
Cellobiose: quinone oxidoreductase (CBQ) is an enzyme which requires both
phenols and carbohydrates for activity. CBQ utilizes quinones and phenoxy radicals from lignin.
It has been suggested that CBQ is able to prevent repolymerization of lignin degradation products
by reducing these species to phenols. 28,29 A combined enzymatic system, utilizing several
different enzymes, may be required to achieve full depolymerization of lignin.
Dioxygenases are enzymes which catalyze the incorporation of 02 into organic
substrates, utilizing both oxygen atoms in the oxidation. These enzymes catalyze ring cleavage of
aromatic compounds (i.e. catechol). 30 Immobilized protocatechuate 3,4-dioxygenase isolated from
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fungal cultures causes ring cleavage in lignosulfonate fractions.3 1 Dioxygenases, although mostly
produced intracellularly, have been reported to depolymerize and polymerize lignin and lignin-like
compounds.8 ,32,33
Mechanism for Enzymatic Lignin Degradation
Most of the information on the mechanisms of enzymatic degradation of lignin has
resulted from studies of LiP. Numerous studies using lignin model compounds have shown that
LiP is able to break the Ca-CB bond of diarylpropane units. LiP is capable of catalyzing the
oxidation of many lignin model compounds. The mechanisms involved have recently been
reviewed for B-0-4, 1-1 and 13-5 lignin model compounds. 34 LiP is able to catalyze both phenolic
and non-phenolic models.
It has been established that one-electron oxidation of a phenolic ring leads to aryl
cation radical formation which begins lignin degradation reactions. 3 5,36' 37 A generally accepted
mechanism for the initiation of lignin degradation by lignin peroxidase is shown in Figure 4.
lignin
Figure 4. Proposed mechanism for the enzymatic degradation of lignin (from Ref. 8).
This simplistic view has been questioned by various researchers. In two recent
reviews on lignin biodegradation, the role of lignin peroxidase as a lignin-degrading enzyme is
debated.3 8'39 These authors suggest that the true enzyme(s) involved in lignin degradation has not
been isolated.
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The involvement of a secondary metabolite, veratryl alcohol (Figure 5), has been
debated for some time. The exact role of veratryl alcohol in lignin degradation by Phanerochaete
chrysosporium is not clear. It is believed that veratryl alcohol protects ligninases from degradation
by radicals which are produced during the decomposition of hydrogen peroxide. 4 0 Fungal cultures
supplemented with veratryl alcohol have been observed to produce more LiP.4 1 ,42 Other
researchers propose that veratryl alcohol acts as a mediator between LiP and lignin.4 3 Veratryl
alcohol may be protecting LiP from inactivation by hydrogen peroxide; however, the mechanism
by which this inactivation occurs is not known. 4 0
CHpH
Figure 5. Veratryl alcohol, believed to be involved in the enzymatic degradation of
lignin.
Involvement of the Hydroxyl Radical
The involvement of the hydroxyl radical in the fungal and enzymatic degradation of
lignin has been a subject of debate. Numerous investigations have been made in which hydroxyl
radicals were measured in ligninolytic cultures or during enzymatic treatments, concomitant with
controls using Fenton's reagent, a known hydroxyl radical producer.
The earliest investigation into the involvement of the hydroxyl radical was
performed prior to the discovery of lignin peroxidase. Hydroxyl radicals were measured in fungal
ligninolytic cultures using a variety of methods for their detection.4 4 ,45,46' 47 Results from these
studies agree hydroxyl radicals are formed during lignin degradation by Phanerochaete
chrysosporium.
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Once the enzyme lignin peroxidase had been isolated in 1983, attempts were made
to measure hydroxyl radicals produced during enzymatic degradations of lignin model compounds.
Kirk, et al.48 investigated the presence of hydroxyl radicals in degradation of B- and 13-0-4 lignin
model compounds by Phanerochaete chrysosporium, isolated LiP and Fenton's reagent. A
comparison of degradation products from these systems showed that similar products were formed
by the fungus and isolated LiP. Different products were obtained when Fenton's reagent was
used.
Electron Spin Resonance (ESR) spectroscopy of reaction samples indicated that
hydroxyl radicals were not produced in either the fungal or enzymatic systems; however, hydroxyl
radicals were detected in the reaction mixture containing Fenton's reagent. Kirk and coworkers
concluded that hydroxyl radicals were not involved in the Ca-CB cleavage of the selected models,
and by extension, in the enzymatic degradation of lignin.
In a recent publication, Barr and coworkers49 provide evidence for the production
of hydroxyl radicals by LiP in solutions containing hydrogen peroxide, veratryl alcohol, oxalate,
and ferric ions. It is known that ferric ions catalyze the decomposition of hydrogen peroxide and
generate hydroxyl radicals through the Fe(II)-Fe(II) redox cycle. 50 Barr and coworkers
concluded that hydroxyl radicals are involved in the fungal degradation of lignin, but are not
produced directly by LiP.
Most data in the literature indicates that the hydroxyl radical is not generated directly
by the enzyme LiP, but that this radical is involved in the degradation of lignin by white-rot fungi.
The ubiquitous nature of the hydroxyl radical makes it seem rather likely that hydroxyl radicals are
involved in some manner in the biodegradation of wood by fungi.
In these published studies different methods were used to detect hydroxyl radicals
during lignin degradation. No analytical technique is completely selective for hydroxyl radicals.
Hydroxyl radicals are extremely difficult to detect due to their high reactivity.
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Aromatic hydroxylation reactions are generally specific for hydroxyl radicals;
however, not all reagents have been shown to be specific for hydroxyl radicals, or appropriate for
the conditions used in this study. For example, hydroxyl radicals can be detected by measuring the
hydroxylation of salicylate. 51 However, once hydroxylated, salicylate can bind free iron to form
chelated catechols. Once iron becomes bound the catalytic environment is altered.
In 1988, Reitberger and Gierer 52 introduced a unique assay for measuring hydroxyl
radicals in situ. This assay uses an inexpensive and easily obtained reagent. The
chemiluminescence assay has been used to measure hydroxyl radicals in white-rot 53 and brown-
rot 54 fungal cultures, as well as in oxygen, 52 ozone,55 and hydrogen peroxide bleaching of wood
pulp. 52
The active reagent in the chemiluminescence assay is phthalic hydrazide. Phthalic
hydrazide does not chemiluminesce upon oxidation. Once added to reaction solutions, phthalic
hydrazide becomes hydroxylated by hydroxyl radicals. Hydroxylated phthalic hydrazide (HPH)
does exhibit chemiluminescence upon subsequent oxidation. Reaction samples can then be
removed and the amount of HPH determined by photometric analysis. The concentration of
hydroxyl radicals formed is, therefore, proportional to the amount of chemiluminescence observed.
The two major chemical reactions involved in the chemiluminescence assay are
shown in Figure 6. Phthalic hydrazide is hydroxylated by hydroxyl radicals during the reaction.
A sample is then removed for oxidation in a light-detecting apparatus. Oxidation is performed
using hydrogen peroxide and ammonium persulfate. The amount of light emitted during this
reaction is proportional to the concentration of hydroxylated phthalic hydrazide, and therefore the
amount of hydroxyl radicals generated in solution.
Pulp Delignification with Ligninolytic Enzymes
Pulp delignification with ligninolytic enzymes was evaluated immediately after these





+ hv + N 2
Hydroxylated Phthalic Hydrazide
(HPH)
Figure 6. The two major reactions involved in the chemiluminescence assay. Solution
fragments as well as causing depolymerization. Reductions in kappa number were not significant,
although significant loss of color was noted. As LiP was not able to completely depolymerize
lignin, Kirk suggested that other enzymes were needed to fully degrade the lignin polymer.
Several patents using lignin peroxidases to bleach pulps have been issued. 57 58 In
a recent investigation of the ability of lignin peroxidases to bleach pulp, 59 several factors were
manipulated to achieve optimum results. These included hydrogen peroxide addition rate (as
opposed to a batch charge), addition of veratryl alcohol, and pH. It was observed that the presence





was also found to obtain improved delignification. The optimum pH was found to be between 4.5
and 5.5, where the enzyme exhibited greater efficiency.
Ligninolytic enzymatic bleaching treatments have met with limited success, despite
early promises of a process specific for lignin removal. 60,61 The failure of this process has been
attributed to the inability of these enzymes to reach the lignin within the pulp fiber. Biomimetic
compounds, which mimic the action of these enzymes and are not as large as enzymes, are more
suitable for pulp delignification.
BIOMIMETIC COMPOUNDS
Biomimetic compounds mimic a more complex biological function. Biomimetics
have been an active area of research for several years. Biomimetics have been used to investigate
new ways of obtaining methanol from methane by mimicking methane monooxygenases and
cytochrome P-450.62 Other active areas involve mimicking oxidases and dioxygenases for
oxidative degradation of many organic compounds.6 3
Once the prosthetic group of lignin peroxidase was identified as an iron porphyrin,
biomimetic compounds resembling this structure were used to facilitate studies of the reaction
mechanisms in enzymatic systems. Porphyrins containing iron or other transition metals as the
complexed metal were used to mimic the action of lignin peroxidase. Other systems which do not
possess the porphyrin group have also been found to mimic the action of LiP. These include
chelated metals, and simple systems containing just a transition metal. In all cases an oxidant must
be present; hydrogen peroxide is most commonly used.
Applications of biomimetic compounds to commercial processes were later
attempted as their potential for commercial viability improved. Pulp bleaching using biomimetic
compounds has produced promising results as discussed below.
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Model Compound Studies
Shimada, et al. 64 used several compounds which contained a porphyrin structure,
namely hemin, Fe(III)- and Mn(II)- tetraphenylporphyrins (TPP). All structures were found to
cleave the C-C bond in a 1,2-diarylpropane-1,3-diol lignin model compound. Habe, et al.65 used
an iron porphyrin with an imidazole complex to study bond cleavage in lignin model compounds.
This structure was also found to cleave the C-C bond. Additionally, several other
metalloporphyrins were evaluated in this study [including TPPs, octaethylporphyrins, and
phthalocyanins with Fe(III), Mn(III), Co(H) and Cu(I)], but iron porphyrins were reported to
give the best results (no quantitative data was presented).
A subsequent article published by Shimada, et al. also examined the utility of using
the iron porphyrin as a mimic of LiP.66 Two iron porphyrins, hemin and tetraphenylporphyrin
(TPP), were evaluated for their ability to degrade several lignin model compounds. Hemin was
found to be more reactive, cleaving the C-C bond more rapidly than TPP.
The linkages investigated in this study were 1-1, B-0-4 and B-5. Two model
compounds were used to represent the B-1 linkage; one possessed a hydroxyl group at the (x-
carbon, while the other contained a methoxyl group. In both cases the hemin catalyst was able to
cleave the Ca-CB bond, showing no discrimination between the two (x-carbon substituents. For
the B-0-4 and B-5 models, the same carbon-carbon linkage was broken. This paper confirmed that
a single, one-electron transfer reaction was performed, catalyzed by the metalloporphyrin.
Huynh 67 used simple inorganic complexes to determine their ability to mimic the
LiP enzyme. Complexes of peroxydisulfate with Cu(II), Co(II), Fe(II), Mn(II), Mn(III), and
Co(II) were used. It was found that the Cu(II) peroxydisulfate complex mimicked the enzyme
LiP most closely. A B- lignin model compound was used in this study with the C-C linkage
being the predominant bond broken.
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Although researchers inferred the use of these catalysts for pulp delignification,
their studies were not directed towards achieving this goal. These studies have shown that
biomimetic catalysts are able to break common linkages which are found in native lignin. If these
biomimetic compounds are to be used as bleaching catalysts, detailed studies using residual lignin
model compounds would provide better information.
In addition, the studies above focused on the ability of the biomimetic compound to
break certain linkages connecting lignin-like components. The effect of these biomimetic
compounds on carbohydrate alone, or carbohydrate in the presence of lignin, were not
investigated. These biomimetic compounds may cleave the glycosidic linkages found in
carbohydrates as readily as linkages in lignin substructures. In the following section, the use of
biomimetic compounds on wood pulp are presented. Although these studies are in most cases not
aimed at discriminating between lignin and carbohydrate degradation, some information on the
selectivity of these compounds is gained.
Pulp Delignification with Biomimetic Systems
Paszczynski, et al.1 used a variety of natural and synthetic compounds to
delignify pulp and wood chips. This study included analyses of wood component losses as well
as morphological changes. Table 1 below shows the amount of component losses for several
different biomimetic treatments of wood chips and pulp.
From the data presented in Table 1, hydrogen peroxide alone removed more lignin
than tert-butyl hydroperoxide (TBH). The addition of hemin as catalyst increased losses in all
components for the TBH experiment. Hemin with hydrogen peroxide did not significantly
increase degradation of any wood components over that achieved with hydrogen peroxide alone.
These results indicate that careful selection of oxidant as well as catalyst is essential for optimum
bleaching results.
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Table 1. Wood component losses following several bleaching treatments of
birch chips and a single treatment on a softwood pulp. 1
% Loss In
Treatment (hours) Weight Lignin Glucose Xylose Mannose
Wood Chips
Hemin Only (24) 4.0 7.5 6.9 2.2 12.7
TBHa Only (24) 10.1 15.8 6.9 10.8 40.1
Hemin and TBH (24) 23.4 25.6 9.8 21.6 44.6
H2 02 only (24) 45.7 40.6 35.9 55.9 77.9
Hemin and H202 (24) 48.7 42.5 37.5 63.0 77.9
Softwood Kraft Pulp
Hemin + TBH (24) 19.0 100.0 9.8 36.2 41.8
a TBH = tert-butyl hydroperoxide
When the biomimetic treatment was used on pulp, essentially all lignin was
removed. Although the sugar content was measured, the viscosity of the pulp was not reported.
The strength of paper can be related to the viscosity, and would, therefore, have provided more
useful information than the glucose content. High carbohydrate losses make this process very
unattractive for use in pulp bleaching.
Paszczynski, et al. also investigated the effect of pH on their chosen biomimetic
bleaching systems. Both hemin and iron porphyrin increased delignification over the pH range
studied, as shown in Table 2. Results from these experiments show a slight decrease in the kappa
number (a measure of lignin content in pulp) with increasing pH for all conditions.
Table 2. Degree of delignification as a function of three different pH levels on
softwood pulp.ll
Kappa Number at pH
TREATMENT a 5.5 7.0 9.5
None 35.4 35.4 35.4
TBH 12.5 11.3 10.5
TBH plus Hemin 1.9 1.8 1.6
TBH plus porphyrin iron chloride 1.8 1.6 1.5
a Samples were refluxed for 24 hours.
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Paszczynski, et al. felt that their results showed delignification equal to that of
peroxide bleaching. Of the many organometallic complexes used in this study, the authors felt that
the iron porphyrins showed the best activity and resulting pulp bleaching.
Many biomimetic compounds are insoluble in aqueous solutions and suffer from
chemical instabilities. Dolphin and coworkers6 8 synthesized a sulfonated and chlorinated
porphyrin (Figure 7) to overcome these limitations. Sulfonation of the porphyrin increased water-
solubility, and chlorination of the porphyrin stabilized it from self-deactivation.
Figure 7. Synthesized porphyrin, sulfonated and chlorinated, used by Skerker and
Dolphin.68
Skerker and coworkers12 used this porphyrin for biomimetic bleaching studies.
The oxidant used in this system was tert-butyl hydroperoxide. Reactions were run at 60°C for 15
minutes with 2.5% pulp consistency, 0.1 - 3.0 % t-butyl hydroperoxide (w/v) on pulp. Bleaching
experiments with this compound indicated a direct dependence of kappa number on the bleaching
temperature and oxidant concentration. Large viscosity losses were also noted in this system. In
an attempt to minimize cellulose degradation, magnesium sulfate, known for its protective behavior
in oxygen bleaching,69 was added. However, cellulose damage was not prevented.
Skerker and coworkers also changed the metal in the porphyrin from iron to
manganese and found that this made no significant difference in kappa number reduction or
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viscosity losses. As previously noted, the work by Habe6 5 found that iron porphyrins worked
better than manganese porphyrins. This conflicted with results obtained by Skerker and
coworkers. The metal in the porphyrin structure affects the reduction potential of that compound;
however, degradation of lignin or lignin model compounds was not studied as a function of the
redox potential of these biomimetic compounds.
Crawford, et al. 13 examined the ability of several inexpensive chelated iron
compounds to bleach pulp. These compounds included EDTA, NTA, DTPA, 2,2'-dipyridyl, and
Tiron. Good delignification and subsequent brightness increases were observed with all of the
compounds (data not available). However, significant viscosity losses were observed during the
treatment of softwood pulps.70
A study of another class of biomimetic catalysts was published by Shimada, et al.71
Peracetic acid with Mn(l) and Co(II) catalysts were used to bleach pulp. This system does not
possess the caged metal as found in porphyrins or chelated metals. Degradation of B-0-4 model
compounds was achieved in the initial work performed. Significant brightness increases were
obtained with this biomimetic system in studies performed on an unbleached kraft pulp. No
information on carbohydrate losses or kappa number reductions were presented. These
researchers feel their results show that the peracetic acid and Mn/Co system mimics the enzyme
MnP.
Pettersson, et al.' 0 used hemoglobin to bleach both softwood and hardwood pulps.
Significant delignification was achieved when the pulp samples were exposed to this biomimetic
treatment. Results obtained from the treatment of the softwood (pine) pulp are shown in Table 3.
For the unbleached pulp, equal reductions in the kappa number and viscosity were obtained with
both the biomimetic and conventional oxygen treatments. This demonstrates that the selectivity for
lignin removal over carbohydrate degradation (i.e., viscosity loss) in the biomimetic system is
acceptable.
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For the oxygen bleached pulp, additional delignification was obtained with a
concomitant loss in viscosity. Biomimetic treatment of the oxygen bleached pulp was not
compared to other conventional bleaching treatments.
Table 3. Kappa number and viscosity reductions of a softwood kraft pulp (pine)
after treatment with hemoglobin and hydrogen peroxide. 10
KAPPA NUMBER VISCOSITY (dn 3 / kg)
TREATMENT Before After Before After
Unbleached Pulp
Oxygen 30.0 22.5 1180 1050
Hemoglobin 30.0 22.0 1180 1051
Oxygen Bleached Pulp
Hemoglobin 22.5 13.5 1050 876
The hemoglobin used in these treatments was derivatized with palmitoyl chloride
[CH3(CH2)14COC1]. Pettersson and coworkers believe that the addition of palmitoyl chloride
increases the specificity of the hemoglobin treatment.
For biomimetic bleaching systems to be effective, they must be selective (i.e.,
demonstrate a high reactivity towards lignin degradation without severely damaging the
carbohydrates). Metal ions in the presence of hydrogen peroxide are known to generate hydroxyl
radicals. The behavior of hydrogen peroxide in biomimetic systems has not been well
characterized. The formation of hydroxyl radicals has not been investigated. In addition, these
studies have not shown how much of the added peroxide is directly involved in oxidation of the
substrate by the biomimetic compound versus how much is lost in conversion to oxygen.
DELIGNIFICATION WITH HYDROGEN PEROXIDE
Hydrogen peroxide has been studied as a bleaching agent for both mechanical and
chemical pulps.69 72 Pulp delignification is most commonly performed in strongly alkaline
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aqueous solutions (pH > 11). Transition metals are removed in a chelation stage, as these metals
are believed to be detrimental to bleaching efficiency. Metal ions are known to catalyze the
decomposition of hydrogen peroxide. 73 Hydroxyl radicals and other radical species produced are
also believed to be responsible for the viscosity loss (carbohydrate degradation) observed during
pulp bleaching. 74
A substantial body of literature exists which has investigated the major reactive
species involved in alkaline hydrogen peroxide delignification of pulp. Hydrogen peroxide is a
weak acid (pKa = 11.8) and dissociates at high pH. The resulting perhydroxyl ion, HOO-, was
initially believed to be the predominant reaction species. The transition metal catalyzed
decomposition products of H2 0 2 (i.e., 02-, HO*) are also believed to play an active role in
bleaching.75,76
The presence of transition metals was initially believed to be detrimental to pulp
bleaching with alkaline hydrogen peroxide. Excessive decomposition of hydrogen peroxide to
oxygen was noted. Later investigations revealed that decomposition of hydrogen peroxide was a
necessary step. Smith and McDonough 75 have provided evidence that the oxidation of a lignin
model compound is related to the amount of hydrogen peroxide decomposed. In addition, metal
ions are believed to catalyze phenoxy radical formation. 77,78
Acid Hydrogen Peroxide Delignification
Bleaching with hydrogen peroxide in acidic media has been attempted with
moderate success. 79,80 In the limited studies reported, a chelation stage often precedes the
peroxide stage to remove any transition metals. Suss and Helmling found that a slight gain could
be achieved when an acidic hydrogen peroxide pretreatment was used prior to oxygen bleaching.80
These researchers also found that increasing the acid strength in their bleaching media increased
delignification; they attributed this to increased acid hydrolysis.
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Delignification with acidic hydrogen peroxide has been attributed to the formation
of the hydroxonium ion (OH+), 81 occurring through protonation and subsequent dissociation of
hydrogen peroxide as follows:
H 20 2 + H+ -- > OH + + H 2 0,
and not to lignin degradation occurring through radical reactions.80 However, it is very likely that
hydrogen peroxide is catalytically decomposed to form radical species at these conditions. Lignin
degrading reactions are, therefore, initiated either through direct attack by hydrogen peroxide, or
possibly protonated hydrogen peroxide, 8 2 or by radicals produced from the catalyzed
decomposition of hydrogen peroxide. 83
Concentrated solutions (18 - 70 %) of hydrogen peroxide are relatively stable;
however, as the pH deviates in either direction from 4.0 ± 0.5, decomposition increases.8 4 This
decomposition, although measurable, is very small. It has been attributed to the difficulty of
obtaining contaminant-free reagents. Even under carefully prepared conditions, decomposition
does occur.
Catalyzed Decomposition of Hydrogen Peroxide
Iron is present in both the enzyme LiP and compounds used to mimic this enzyme;
therefore, the catalytic effect of iron on the behavior of hydrogen peroxide must be considered.
The decomposition of hydrogen peroxide to oxygen has been extensively studied, especially the
effect of catalytic quantities of transition metals.7 3
It has been known for nearly a century that iron catalyzes the decomposition of
hydrogen peroxide. It is believed that decomposition occurs via a complex radical mechanism.
The main reactions occurring during iron-catalyzed decomposition of hydrogen peroxide are: 50 73
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Chelated iron complexes are known to generate hydroxyl radicals through the above
outlined steps. 85 86 Hydroxyl radicals have also been observed in solutions containing
hemoglobin and hydrogen peroxide. 87 Biomimetic compounds must, therefore, participate in the
catalytic decomposition of hydrogen peroxide to produce radicals.
The hydroxyl radical is not selective, due to its high reactivity. However, in a
recent study with model compounds, it was found that hydroxyl radicals react 5 - 6 times faster
with aromatic compounds (lignin-like) than with sugars (carbohydrates). 8 8 The key to using
hydroxyl-radical generating systems to delignify pulps may be in achieving close association
between reactant and substrate. This may be achieved by selecting the correct biomimetic
compound or additives.
Hydroxylation of aromatic compounds by Fenton's reagent is reported to proceed
via a homolytic cleavage of hydrogen peroxide. The resulting radicals either add to the aromatic
ring to form hydroxylated radicals, or abstract carbon-bound hydrogen atoms. These radicals
either decompose, or couple to form dimers, depending on reaction conditions and chemical
structure.
Apart from LiP's dependence on hydrogen peroxide for activity, the role of
hydrogen peroxide in the previously discussed lignin-degrading systems has not been thoroughly
addressed in the literature. However, its inhibitory effect on enzyme activity has been noted.18,89
Further investigation of the role of the hydrogen peroxide in this environment is necessary to
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obtain a better understanding of delignification mechanisms and of ways to optimize its behavior.
This is especially important if biomimetic systems are to be applied to industrial pulp bleaching.
SUMMARY
It is apparent from the preceding discussion that the exact mechanisms of enzymatic
lignin degradation by fungi have not been clearly established. In fact, the role of lignin peroxidase,
the proposed key enzyme in lignin degradation, has been questioned. Limited success in pulp
bleaching with lignin peroxidases seems to support this claim.
Biomimetic compounds were initially used to help elucidate mechanisms for the
enzymatic degradation of lignin. A biomimetic approach to pulp bleaching was also evaluated
using these compounds. In these systems biomimetic compounds catalyze the decomposition of
hydrogen peroxide via a chain mechanism which generates hydroxyl radicals These radicals are
most likely responsible for degradation reactions.
The efficiency of these catalysts to oxidize substrate versus decompose hydrogen
peroxide to oxygen has not been evaluated. During both of these processes, hydroxyl radicals are
generated. These radicals, and other types produced, will contribute to carbohydrate degradation
as well as that of lignin. The selectivity of biomimetic systems has only been given passing




OBJECTIVES AND EXPERIMENTAL APPROACH
OBJECTIVES
The main thrust for this work was to evaluate the potential of particular biomimetic
compounds as catalysts for hydrogen peroxide delignification of pulp. To be suitable for pulp
delignification, biomimetic compounds must demonstrate selectivity for lignin degradation relative
to that of carbohydrate. As these compounds are supposed to mimic a lignin-degrading enzyme,
lignin degradation would be expected to predominate.
Objectives of this dissertation were to:
o evaluate the selectivity of three biomimetic compounds for lignin degradation
relative to that of carbohydrate, when substrates are individually exposed to
these systems,
o evaluate the selectivity of these biomimetic compounds when these substrates
are simultaneously combined in solution,
o measure hydroxyl radicals generated by each of the biomimetic compounds in
these systems, and assess their role in the degradation of the model compounds.
EXPERIMENTAL APPROACH
To limit the scope of this work, iron was the only metal considered for
investigation. Three different types of biomimetic, iron-based catalysts were chosen for
evaluation: FeSO 4, Fe-EDTA, and hemoglobin. These three compounds resemble the enzyme
lignin peroxidase to different degrees. FeSO 4 mimics only the metal present in the enzyme. The
iron in Fe-EDTA is sequestered by a relatively small but strong chelator. Hemoglobin resembles
the enzyme the most because the iron is surrounded by protein.
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Water-soluble model compounds representing the two major constituents of wood
pulp, i.e. lignin and cellulose, were chosen. Water solubility was desired so that homogeneous
reaction mixtures in aqueous solution were maintained. An acidic pH was used, as the enzyme
(LiP and MnP) functions optimally under acidic conditions. 8 Polymeric, as opposed to monomeric
and dimeric, model compounds were sought as these more closely represent the natural polymers.
Few residual lignin model compounds are appreciably soluble in acidic aqueous
solution. For this reason, lignosulfonate was chosen as a residual lignin model compound, since it
is highly soluble in acidic aqueous solution. Although not really representative of the residual
lignin found in chemical pulps, lignosulfonate incurs structural changes in chemical pulping.90
Refer to Figure 8 for an illustration of a generalized structure of a water-soluble lignosulfonate.
Hydroxyethyl cellulose (HEC) was selected as the carbohydrate model compound.
HEC (obtained from Aqualon, Wilmington, DE) possesses attributes which make it ideal for this
project. The viscosity of HEC solutions is independent of pH, which allows intrinsic viscosity
measurements to be made without correction for changing pH with dilution. HEC is highly water
soluble, and a wide range of molecular weight samples are available.
As ethyl-oxo groups can form long side chains, the degree of substitution is
ambiguous. Moles of substitution more clearly indicate the extent of substitution on the HEC
molecule. For this particular product (Natrosol), 2.5 moles of ethylene oxide reacted with 1 mole
of cellobiose. Figure 9 shows a schematic of HEC.
A chemiluminescence assay (as described in the Literature Review section) was
used to detect the generation of hydroxyl radicals in reactions. Modifications of this assay,
discussed in detail in the Results and Discussion section, were made so that minor problems were
eliminated.
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Lignosulfonate and HEC were individually exposed to each of the three biomimetic
compounds in the presence of hydrogen peroxide. Empirical rate laws were developed for each of
these systems. Rates of chain scission were also determined, and selectivities were calculated
using these rates.
Lignosulfonate and HEC were also combined in reaction solutions and then
exposed to the same three catalysts. During these experiments the formation of a high molecular
weight product was observed. The rate and extent of formation and degradation of this product
was evaluated.
All reactions were performed in a teflon-lined, magnetically stirred reactor. The
amount of hydrogen peroxide decomposed to oxygen was measured independently of that which
was consumed in reactions. Deionized-distilled water and ultrapure chemicals were used to





Water was obtained from a Barnestead Water Purifier configured to provide Type I
reagent grade water. (Specific resistance of output water: 18.3 MQ-cm).
Hydrogen Peroxide
Ultrapure hydrogen peroxide (30%) was obtained from J. T. Baker. A stock
solution was prepared (approx. 3%) from this concentrated solution and stored in a polypropylene
bottle at 4°C. Concentration was determined prior to use. This solution was made as needed.
Ferrous Sulfate
A 0.5 M solution of ferrous sulfate was made according to procedures outlined in
the CRC Handbook of Chemistry and Physics for standard solutions.9 1 To prepare 100 ml, 1.0
ml of concentrated sulfuric acid was first added to a 100 ml volumetric flask. The predetermined
amount of FeSO 4 (13.90 g) was then added. After the FeSO4 had dissolved, water was added to
the final dilution. This solution was stored in a glass volumetric flask at 4°C in the dark. A fresh
solution was prepared once every two months.
Fe-EDTA
A 25 mM stock solution of Fe-EDTA was made according to the following
procedure. The predetermined amount of FeSO 4 was added to 1 mL of concentrated sulfuric acid.
Once the FeSO4 dissolved, -200 mL of water was then added. The required amount of
ethylenediaminetetraacetic acid (EDTA) was then added (in a 1:1 molar ratio with FeSO 4). Sodium
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hydroxide was added until all EDTA was dissolved (3 - 5 mL). This solution was diluted to 250
mL, and then stored at 4°C in a glass volumetric flask.
Hemoglobin
Hemoglobin was obtained from Sigma Chemical Co. as purified from bovine red
blood cells. A 20.0 g/l hemoglobin solution was prepared the day before use. 2.0 g of
hemoglobin was weighed into a 150 mL beaker. 100.0 mL of water was then slowly added. This
solution was stirred until all hemoglobin had dissolved. It was then stored at 4°C overnight.
PURIFICATION AND PREPARATION OF SUBSTRATES
Lignosulfonate
Partially purified lignosulfonate (Lot # D-442-14, softwood cook) was obtained
from Daishowa Chem. Inc., (Lignotech) Rothschild, Wisconsin. Approximately one liter of
solution (at -50 % solids) was obtained and split into 50 ml aliquots and stored in polyethylene
bottles. These bottles were purged with nitrogen and then frozen at - 20°C. Solutions were
thawed at 4°C before use.
Solutions were first diluted to approximately 30 g/l (1.0 liter total volume) and
passed through a 0.22 .tm Whatman filter. Ultrafiltration was then performed to obtain a sample
with a narrow molecular weight distribution. This was accomplished using an Amicon Stirred
Filtration Cell (Model 345) with a 200 ml capacity. Solutions were slowly added to the filtration
cell which was fitted with an Amicon 30,000 dalton PM (inert, non-ionic) filter. The filtrate (<
30,000 daltons) was collected for further ultrafiltration. The retentate (> 30,000 daltons) was
washed with water until the filtrate was clear, indicating nearly complete removal of material <
30,000 daltons.
The filtrate collected (< 30,000 daltons) was passed through the filtration cell, but
now fitted with an Amicon 10,000 PM filter. The filtrate from this step (< 10,000 daltons) was
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discarded. The retentate (10,000 - 30,000 daltons) was washed with copious amounts of water
until the filtrate was clear. The retentate was removed from the filtration cell, placed into a glass
reagent bottle, purged with nitrogen, and stored at 4°C in the dark.
The final concentration of ultrafiltered solutions of lignosulfonate was determined
by absorbance at 280 nm. This was accomplished by preparing an absorbance versus
concentration curve from several dilutions of a lignosulfonate preparation at a known
concentration. The solids content of a diluted sample of the original lignosulfonate was obtained,
using the standard procedure for black liquor solids content determination. 92 Several dilutions of
this solution were made, and the absorbance at 280 nm recorded. The resulting curve of
absorbance versus concentration was used to determined the concentration of all lignosulfonate
preparations.
Hydroxyethyl Cellulose (HEC)
Hydroxyethyl cellulose samples were obtained from Aqualon, a division of
Hercules Chemical Co., in Wilmington DE. Three samples were obtained, having approximate
molecular weights of 90,000 (Natrosol 250 LR), 720,000 (Natrosol 250 MR), and 1,300,000
(Natrosol 250 HHR).
HEC solutions were prepared by dissolving the required amount of HEC into the
necessary premeasured volume of water. HEC was slowly added to the water on a magnetic stirrer
at the vortex. The solution was allowed to stir at room temperature for one hour. The solution
was then placed in a 4°C cold room to continue stirring overnight (a minimum of 14 hours).
All three HEC samples were used to evaluate the calibration system (see below) for
determination of HEC molecular weights. HEC 250 HHR (Mw = 1,300,000) was used for all
HEC degradation experiments with hydrogen peroxide and catalysts.
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REACTOR
All experiments were performed using a 300 ml teflon-lined, magnetically stirred
batch reactor (Figure 10) used from a previous study.77 Reaction pH was measured using a
Sensorex combination pH probe connected to a Chemcadet pH Meter. The reactor was placed in a
magnetically stirred water bath maintained at 45°C by a CRC thermoregulator.
Evolved gas was captured and measured in a water-jacketed buret (Figure 11).
This entire system was gas tight once reactions were initiated. Reaction pressure was maintained at
atmospheric, as indicated by the water manometer, by adjusting the pulley system. The evolved
oxygen expanded into the buret and could be measured in milliliters.
REACTION PROCEDURES
Reactor Preparation
The reactor, a 100 ml graduate cylinder, and a 50 ml polypropylene bottle were
washed with distilled water, alconox, rinsed with distilled water again and dried. These items
were then washed with acetone, allowed to dry, then rinsed with 35 % nitric acid. A final
thorough wash was performed with deionized distilled water. These items were allowed to dry
completely before each use. The pH probe was standardized at pH 4.0 and 45°C prior to use.
Experiments in which hydroxyethyl cellulose was used, HEC solutions were
prepared the night before the experiment, in accordance with the procedures outlined in the section
on preparation of HEC solutions. For all other experiments, solutions were prepared that day.
For reactions containing lignosulfonate or no substrates, water was first added to
the reactor (usually 80 to 250 mls, depending on total reaction volume). The reactor was then
placed in the 45°C water bath. The solution was continuously purged with prepurified nitrogen for
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Figure 11. System used to measure gas evolution (taken from Ref. 77): (a)
counterweights, (b) pulleys, (c) nylon cord, (d) rotatable shaft, (e) water
reservoir made of PVC, (f) thick-walled rubber tubing, (g) water-jacketed
100 mL gas buret, (h) thermometer, (i) tee connector, (j) Teflon tubing, (k)
water manometer, (1) 3-way slide valve.
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For reaction solutions containing hydroxyethyl cellulose, 200 ml of water was
added to the reactor. The predetermined amount of HEC was then added to reactor in accordance
with the procedures described above in the Preparation and Purification of Substrates Section for
HEC solutions. The reactor was capped with a teflon lid and then placed in the cold room for
overnight stirring. The following morning the reactor was removed from the cold room and placed
in the 45°C water bath. Lignosulfonate (for combined substrate experiments) was then added. The
catalyst (if present) was added next.
Once substrate and catalysts were added to the reactor, the pH was adjusted
(usually to pH 3.0) by addition of 15 % ultrapure HC1 (usually 10 - 50 pl was required).
Initiation of Reactions
Reaction solutions were equilibrated in the 45°C water bath for one hour (clocked
from when the reactor was first placed in the bath). It was previously determined that one hour
was required for 300 ml of water to reach 45°C.
Reactions were initiated by the addition of hydrogen peroxide. Hydrogen peroxide
and makeup water were added to a polyethylene bottle and preheated to 45°C. At time zero this
solution was added to the reactor via syringe. The nitrogen purge was discontinued and the reactor
sealed immediately after the addition of hydrogen peroxide.
Sampling
Samples were usually taken at 15 - 20 minute intervals during the first hour of
reaction. For fast reactions, samples were taken more frequently during the initial phases. Times
between samples were increased as the reaction slowed. Samples were removed via the sample
line, placed in 15 ml glass sample bottles, and immediately placed on ice. Aliquots from this
sample were removed immediately for chromatography and viscometry measurements; hydrogen
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peroxide was removed from these aliquots using sodium bisulfite. Hydrogen peroxide was not
removed from aliquots used in the chemiluminescence assay.
ANALYTICAL PROCEDURES
High Performance Size Exclusion Chromatography
Bio-Rad Bio-Sil SEC 125 and 250 Size Exclusion Columns were used on a Varian
5060 High Performance Liquid Chromatograph. It was equipped with a Varian UV-50 Variable
Wavelength Detector and a Hewlett-Packard Integrator.
Data from the detector was also acquired via a data acquisition system. The output
from the detector was first passed through a signal amplifier. This amplified signal was then
collected using a 286 CompuAdd computer equipped with a data acquisition board. LabTech
Notebook was used to collect and manipulate the signal. A 20 Hz sampling rate was used; one-
second averages were computed and saved to files.
The mobile phase used was 50 mM citric acid-disodium hydrogen phosphate (CA-
DHP) buffer9 3 at pH 3.0 and flowed at 0.8 ml/min. Lignosulfonate samples were diluted in CA-
DHP buffer to achieve concentrations of 0.05 to 0.10 g/l; 250 gtL of this sample was injected.
Calibration
Sodium polystyrene sulfonates (SPS) were obtained from Scientific Polymer
Products, Inc. in five different molecular weight sizes (see Table 4). 1.5 g/l solutions in CA-DHP
were made from each standard and analyzed by HPSEC. 5-Sulfosalicylic acid, dihydroxy-benzene
sulfonic acid, and phthalic hydrazide were also used and similarly prepared in CA-DHP.
Standards and corresponding molecular weights are shown in Table 4. The calibration curve used
for the SEC 250 column is shown in Figure 12 (a similar curve was obtained using the SEC 125
column).
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A linear region for molecular weight estimation is present between 250 and 100,000
molecular weight units. This provides a good operating range to measure molecular weight
changes in the lignosulfonate. From this calibration curve lignosulfonate has an apparent molecular
weight of 4300. Lignosulfonates of characterized molecular weights could not be obtained to
check the calibration.
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Figure 12. Calibration curve used for determination of molecular weights from HPSEC
(data shown for the Bio-Rad SEC 250 column). Mobile phase: 50 mM
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Although sodium polystyrene sulfonates were used to calibrate this column, it has
been shown that commercially available proteins can be used to calibrate size-exclusion columns
for use with lignosulfonates. 94 It has also been demonstrated that calibration with polystyrenes is
not indicative of true lignin molecular weights, although similar slopes are obtained. 95
Determination of Molecular Weights
LabCalc®, a software program for analysis of spectra, was used to calculate areas
of collected peaks. Raw data collected using the data acquisition system was imported into this
program. An integration program, INTGAUTO, developed and written by Dr. Michael Friese,96
was used to break the chromatograph into equally spaced sections. The area of these sections were
then determined using a trapezoid approximation technique. Data from this analysis was exported
to files.
This data was then imported into Lotus 1-2-3 worksheets for the final determination
of molecular weights. The weight- and number-average molecular weights were determined using
typical procedures.97
Viscometric Determinations
The most accurate technique is to observe the change in the molecular weight
distribution during reaction. Another method is to measure the change in the viscosity-average
molecular weight. This is done by measuring the intrinsic viscosity of a sample and using an
established relationship to determine molecular weight. It must be noted that this latter method
only gives relative differences providing no information on the molecular weight distribution.
Molecular weight changes of the HEC polymer were determined by using the Mark-




The intrinsic viscosity, [ir], of a polymer solution is obtained by measuring the specific viscosity,
rsp, at several concentrations, c. Plots ofrqsp/c versus c yield straight lines with intercept equal to
the intrinsic viscosity, [rq]. 98
Mark-Houwink parameters were found in the literature for HEC in water at 25°C.
Brown, et al.99 reported these values, determined from light scattering measurements, to be: K =
9.53 x 10-3 and a = 0.87. Weight-average molecular weights, as determined by light scattering,
were used to establish these parameters. HEC samples used by Brown had the following
molecular weights (Mw): 625,000, 570,000, 515,000, 190,000, and 80,000.
Intrinsic viscosity measurements were made using a Cannon-Ubbelholde 100
viscometer. The viscometer was placed in a large water bath maintained at 25 ± 0.5°C. A
minimum of 1.0 to a maximum of 10.0 mL of sample were added to the viscometer via pipette.
Water was then added as needed to obtain a reading (a minimum of 8.0 mL is required for this
viscometer).
After each sample measurement was completed, the viscometer was rinsed
thoroughly with distilled water and then acetone. The viscometer was then dried completely under
vacuum before other samples were tested.
Calibration
The calibration of the Mark-Houwink equation was checked using three samples of
HEC obtained from Aqualon. The molecular weights of these standards are only approximate
values provided in the product literature. Figure 13 shows the Mark-Houwink equation (straight
line) obtained from the literature. The solid circles represent experimentally determined intrinsic
viscosities plotted versus the manufacturer's estimate of molecular weight.
Samples obtained from Aqualon, Inc. were reported to have the following
molecular weights: 1,300,000, 720,000, and 90,000. These molecular weights reported by
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Aqualon for HEC were determined by intrinsic viscosities; consequently, these values are
viscosity-average molecular weights and should agree well with the experimental values.


















Figure 13. The Mark-Houwink relationship and the experimentally determined intrinsic
viscosities plotted versus the molecular weights from the product literature
for the three HEC samples.
DETERMINATION OF HYDROGEN PEROXIDE CONCENTRATION
Residual hydrogen peroxide was determined by iodometric titration. 1.0 or 2.0 mL
of sample (depending on the original concentration) was added to a freshly prepared solution
containing 50 mL distilled water, 10 mL 1 N KI, 10 mL 4 N H2S0 4, and 3 drops of a saturated
solution of (NH 4)2MoO 4. This solution was then titrated with 0.01 N (or 0.001N) Na2S203 to a
starch endpoint. Three determinations were made for most samples, with a minimum of two
always performed.





The amount of hydrogen peroxide decomposed was determined by measuring the
amount of oxygen evolved. The following formula77 was used to calculate the number of mmoles
of oxygen evolved:
2 (mmoles)Vg=-x 273 xPPv+D
22.4 273+T 760
where Vg is the volume of oxygen evolved (ml), T is the temperature of water jacket (°C), P is the
atmospheric pressure (mm of Hg), Pv is the vapor pressure of water (mm of Hg) and
D=aVi P
22.4 760
where a is 0.02 and Vi is the initial reaction solution volume (ml). As the decomposition of
hydrogen peroxide follows the reaction:
2H 20 2 --> 0 2 + 2H 20
the amount of hydrogen peroxide decomposed can be calculated from:
[H202]d = 2000 x °2 mmoles
where Vs is the reactor solution volume. The amount of hydrogen peroxide consumed during
reaction was determined by difference:
[H20 2] consumed = [H 202] original - { [H20 2] residual + [H20 2] decomposed }.
THE CHEMILUMINESCENCE ASSAY
An Amincon ChemGlow Photometer was used for all chemiluminescence
measurements. Samples were placed in to 6 x 50 mm borosilicate test tubes (Kimble Glass). A
data acquisition system was used to capture the signal from the photometer. Data was collected for
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90 seconds at a rate of 20 Hz (20 samples per second); one-second averages were then calculated
and saved on disk. Area under the light intensity curve for each sample, up to 60.0 seconds, was
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Figure 14. Light intensity curve for a typical sample showing millivolts emitted per sec
for a time span of 90 seconds.
The area under the light intensity curve (Figure 14) was, therefore, measured for all
samples. Following the suggestion of Reitberger and Gierer, the value obtained sixty seconds
after reaction initiation was tabulated and compared between samples. This value has been termed
the chemiluminescence, with corresponding units of millivolts-seconds. For all samples, at least
three determinations were made.
Solutions
Phthalic hydrazide was prepared as a concentrated solution (5.5 mM) in water.
Solutions A and B are required for this assay. The ratio of components suggested by Reitberger
and Gierer are: 1.0 mL Solution A (1 M Na2CO3 and 25 mM EDTA), 0.2 mL Solution B [50 mM
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H20 2 and 50 mM (NH4) 2S 20 8], and 0.1 mL of sample. For best results it has been
recommended100 that sample volumes in the photometer should not exceed 100 1g. Volumes of
solution and sample were reduced to meet this 100 il1 volume constraint while maintaining ratios of
components as suggested by Reitberger and Gierer. Unless specified otherwise 127 pl of sample
containing 0.5 mM phthalic hydrazide was placed into 1.0 mL of Solution A. 25 gL of this
solution was then added to each of three test tubes. 5 pl of Solution B was then injected into the
test tube once inside the photometer.
Original Method
For the original assay, as described by Reitberger and Gierer, phthalic hydrazide
was added directly to reaction solutions. A 5.5 mM stock solution of phthalic hydrazide was
prepared (pH - 6.0 was needed to achieve complete solubility). The necessary volume of phthalic
hydrazide required for the planned reaction was measured out via pipette and added directly to the
reactor.
The reactor at this point, depending on which experiment was being performed,
contained water and substrate (lignosulfonate or HEC, if present). Catalyst was then added after
the addition of phthalic hydrazide. Hydrogen peroxide was added last, to initiate the reaction as
described in a previous section. Reaction procedures were as for other reactions and have also
been described previously.
Sampling was performed as outlined earlier for all reactions. From each reaction
sample withdrawn from the reactor, a predetermined amount of sample was added to 1.0 mL of
Solution A for a duration of one or five minutes, as specified in the text. Hydrogen peroxide was
not removed from these samples. After the one to five minutes incubation time in Solution A, 115
p1 (for samples containing 0.5 mM phthalic hydrazide) was added to each of three to six 6 x 50
mm borosilicate test tubes (Kimble Glass). For samples containing 0.25 mM phthalic hydrazide,
279 1g of sample was added to 1.0 ml of Solution A.
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Each test tube was individually placed in the ChemGlow Photometer for analysis.
The data acquisition system was started for 5 to 7 seconds before the addition of Solution B, to
obtain a baseline from the photometer. After a suitable baseline was collected, 5 g1 of Solution B
was added. Data was collected for 90 seconds after the initiation of the data acquisition system.
External Method
Reaction solutions were prepared as described for the Original Method, omitting the
addition of phthalic hydrazide. When reaction samples were removed, 1.0 mL of sample was
added to 0.1 mL of a 5.5 mM stock solution of phthalic hydrazide. The sample was held in the
phthalic hydrazide solution for 1 to 5 minutes after which 0.127 mL of this solution was added to
1.0 mL Solution A. Samples were then treated in the usual manner.
UV-Irradiation of Hydrogen Peroxide
UV-irradiation of hydrogen peroxide solutions was performed to produce hydroxyl
radicals to calibrate the chemiluminescence assay. As a solution of hydrogen peroxide is exposed
to UV-irradiation, the concentration of hydroxyl radicals produced increases.
A Spectroline Transilluminator (Model TR-302, 302 nm Ultraviolet) was used as
the UV-source for these experiments. A 50 mL solution containing 100 mM H20 2 and 0.5 mM
phthalic hydrazide was prepared. This solution was poured into a 150 mL beaker which was
placed directly over the UV source. The reaction was initiated by turning on the UV-light source.
Samples (2 - 8 mL) were withdrawn from the beaker by pipette. Samples were




Pulp bleaching was performed in plastic bags. Kappa numbers and viscosities
were measured using standard test methods. 10 1, 02
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RESULTS AND DISCUSSION
This section, which is divided into five parts, contains a complete summary of all
experimental results. The first part describes a modified chemiluminescence assay used for
detection of hydroxyl radicals. The second and third parts contain results from reactions with
lignosulfonate and hydroxyethyl cellulose, respectively. This is followed by a discussion of
selectivity based on these reactions. The final section describes results obtained when these
substrates were combined in reaction solution.
DETECTION OF HYDROXYL RADICALS
The chemiluminescence assay is described in the Literature Review section. This
assay measures the production of hydroxyl radicals (oOH) by monitoring the chemiluminescence
produced from the oxidation of a hydroxylated compound. This assay uses a reagent which is
readily available and does not require expensive analytical equipment. The calibration of this
assay, an evaluation of its sensitivity, and a modification made to the originally published
procedure are described in the following sections.
Calibration
The chemiluminescence assay was calibrated using UV-irradiation of hydrogen
peroxide solutions to produce hydroxyl radicals.' 03 The chemiluminescence from UV-irradiation
of a solution containing 100 mM H202 and 0.5 mM phthalic hydrazide was measured (Figure 15).
Data points in Figure 15 represent the area under the light intensity curve (see Materials and
Methods section) for each sample taken at the designated UV-exposure time.
Maximum chemiluminescence is achieved after only 90 minutes of exposure. After
this point the chemiluminescence begins to decrease. Phthalic hydrazide is continually
hydroxylated during this experiment. For the chemiluminescence to decrease, the amount of
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hydroxylated phthalic hydrazide must decrease. This indicates that phthalic hydrazide is degraded
in the reactive environment.
12000
UV Exposure Time (min)
Figure 15. Chemiluminescence versus UV exposure time for a solution
containing 100 mM H202 and 0.5 mM phthalic hydrazide in water.
Error bars represent + 95% confidence intervals determined from six
replicates of each sample.
A rough calibration of the chemiluminescence assay can be obtained from this
method. At the maximum chemiluminescence observed at 90 minutes, it can be assumed that all
phthalic hydrazide has been hydroxylated. Assuming that no phthalic hydrazide has degraded in
the reaction at this point, and that one mole of hydroxyl radicals reacts with one mole of phthalic
hydrazide, 0.5 mM of hydroxyl radicals have been produced after 90 minutes. Therefore, 200
mV-sec correspond to 0.01 mM (10 pM) of hydroxyl radicals produced.
Sensitivity
For the chemiluminescence assay to be suitable for measuring *OH formation, it
must be sensitive as well as unobtrusive. To test the sensitivity of the chemiluminescence assay,
hydroxyl radicals were measured in solutions which were known to generate hydroxyl radicals.
Fe-EDTA in the presence of hydrogen peroxide is known to produce hydroxyl radicals. 86
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Solutions containing 100 mM H20 2 and various levels of Fe-EDTA were therefore chosen for
evaluation.
The chemiluminescence from reactions of H 20 2 with 0.1, 0.25, 0.5 and 10.0 mM
Fe-EDTA were measured (Figure 16). For all reactions containing Fe-EDTA and hydrogen
peroxide, an initial increase in the chemiluminescence was observed, which was followed by a
decline. Rates of this initial increase are dependent on Fe-EDTA concentration. For the 10.0 mM
Fe-EDTA run, this initial increase was extremely rapid. As the Fe-EDTA concentration was
decreased, the rate at which chemiluminescence was initially produced decreases.
3000
400
Figure 16. Chemiluminescence versus reaction time obtained for reactions containing
100 mM H2 02, 0.5 mM phthalic hydrazide, and various concentrations of
Fe-EDTA at pH 3.0 and 45°C.
For the blank runs (no H202 or Fe-EDTA), no chemiluminescence was observed
(data not shown, see Appendix I). This is expected as few radicals will be produced in the
presence of hydrogen peroxide alone. And, of course, when no hydrogen peroxide is present, no






At different Fe-EDTA concentrations, the amount of chemiluminescence produced
(i.e., hydroxyl radical concentration) varied. The sensitivity of the assay to hydroxyl radical
concentration is apparent in Figure 16 (the times of maximum chemiluminescence can be clearly
distinguished). However, the decline in chemiluminescence for all reactions suggest hydroxylated
phthalic hydrazide is participating in other reactions.
As the phthalic hydrazide present in reaction solutions was continually
hydroxylated, the reduction in chemiluminescence during these reactions must therefore be due to
the destruction of the hydroxylated phthalic hydrazide. This decrease in chemiluminescence was
also observed in the UV-irradiation experiment (Figure 15). This is a serious drawback of the
technique; destruction of phthalic hydrazide precludes accurate determination of hydroxyl radical
production.
In addition, the concentration of phthalic hydrazide in these solutions was found to
affect reaction rates. As the concentration of phthalic hydrazide was increased, the rate at which
hydrogen peroxide reacts decreased (Figure 17). This verifies that phthalic hydrazide scavenges
hydroxyl radicals, slowing the radical-driven decomposition of H20 2.50.73
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Figure 17. Residual hydrogen peroxide concentration versus reaction time for a control
reaction and reactions containing 0.25 and 0.5 mM phthalic hydrazide.
Reaction conditions: 100 mM H20 2, 0.5 mM Fe-EDTA, pH 3.0 and 45°C.
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The above results indicate that the chemiluminescence assay can measure the
production of hydroxyl radicals. However, as the phthalic hydrazide in reaction solutions is
degraded and affects reaction rates, accurate determination of the amount of hydroxyl radicals
produced is not possible. The following section presents a modification made to the
chemiluminescence assay to alleviate this problem.
The External Method of the Chemiluminescence Assay
As the chemiluminescence method was originally described, phthalic hydrazide was
added directly to reaction solutions.5 2 In the external method of the chemiluminescence assay,
developed during this work, phthalic hydrazide was not added in situ. Samples were periodically
removed from the reactor and exposed to phthalic hydrazide for a predetermined time. A portion of
this sample was then placed in the photometer for measurement of chemiluminescence.
The duration which a sample was exposed to phthalic hydrazide was evaluated in
the Fe-EDTA + H 20 2 system. Two incubation times were chosen, one and five minutes. The five
minute incubation gave a slight increase in chemiluminescence as compared to the one minute
period (Figure 18).
Time (min)
Figure 18. Chemiluminescence versus reaction time for one and five minute incubation
times using the external method of the chemiluminescence assay. Reaction
conditions: 100 mM H2 0 2, 0.5 mM Fe-EDTA, pH 3.0, and 45°C. Error
bars represent ± 95% confidence intervals determined from four replicates.
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During this incubation period, H20 2 continued to react, producing hydroxyl radicals
(reaction samples were not cooled). As the incubation time of five minutes gave only a slight
increase in chemiluminescence, it is better to use the shorter incubation period of one minute. After
five minutes exposure to the reaction system, phthalic hydrazide degradation is likely to occur. It
is assumed that no degradation of the phthalic hydrazide occured during the one minute incubation
time.
The chemiluminescence for solutions containing 100 mM H20 2 and 0.1, 0.25, 0.5
and 10.0 mM Fe-EDTA was measured using this modified procedure. The chemiluminescence
obtained using the external method (Figure 19) was substantially reduced from that obtained with
the original method (Figure 16). This is due to the non-cumulative nature of this method. The
external method provides an estimate of the instantaneous hydroxyl radical concentration at the time
which the measurement is made. The original method measured the total concentration of hydroxyl
radicals produced.
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Figure 19. Chemiluminescence versus reaction time, obtained using the external
method of the chemiluminescence assay. Reactions conditions: 100 mM
H 202 and 0.1, 0.25, 0.5, and 10.0 mM Fe-EDTA at pH 3.0 and 45°C.
Error bars represent ± 95% confidence intervals for three replicates.
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The trend in chemiluminescence production for the H20 2 + Fe-EDTA reactions was
similar for all concentrations of Fe-EDTA. During the initial phase of each reaction, the
chemiluminescence (or °OH concentration) was relatively high. As the reaction proceeds (and
slows), the chemiluminescence decreased although H2 0 2 continued to react (Figure 20).
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Figure 20. Residual hydrogen peroxide versus reaction time for those reactions shown
in Figure 18. Reaction conditions: 100 mM H20 2 and 0.1, 0.25, 0.5, and
10.0 mM Fe-EDTA at pH 3.0 and 45°C.
The level of chemiluminescence was lower using the external method; however,
differences in chemiluminescence are still distinguishable for several concentrations of Fe-EDTA
(Figure 19). For 0.1 mM Fe-EDTA, the maximum chemiluminescence achieved was 38 mV-sec
(3.8 VlM .OH) at 60 minutes. For the 0.25 mM Fe-EDTA reaction, maximum chemiluminescence
is observed at 40 minutes to be 75 mV-sec (1.9 pM .OH). The difference between these two
maxima, 37 mV-sec or 1.9 giM .OH, is readily observed.
Summary
The chemiluminescence assay is an adequate technique for measuring hydroxyl
radicals generated in solutions. This method is relatively simple, does not require expensive
equipment or exotic reagents which require synthesis. This assay, however, does suffer from
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some drawbacks. The presence of phthalic hydrazide in reaction solutions affects reaction rates.
In addition, hydroxylated phthalic hydrazide is degraded when exposed to systems which rapidly
produce hydroxyl radicals.
An improvement was made to this assay which eliminates the effect of phthalic
hydrazide on reaction rates. This modification also prevents the eventual destruction of phthalic
hydrazide by reactive systems. The chemiluminescence obtained from samples analyzed using this
method is low. This is due to the small sample volume required for measurement of
chemiluminescence in the photometer. Additional modifications can be made to improve this
assay, and are discussed in the Recommendations section.
The external method of the chemiluminescence assay can detect differences in
chemiluminescence of approximately 40 mV-sec, or 2 pIM *OH. For this study, only relative
differences in the hydroxyl-radical generating ability of biomimetic systems is of interest.
Chemiluminescence measurements will therefore be expressed in mV-sec, and not converted to jLM
of hydroxyl radicals produced.
CATALYZED OXIDATION OF LIGNOSULFONATE
Lignosulfonate was reacted with hydrogen peroxide alone and with each of the
three biomimetic catalysts. For each reaction, the molecular weight distribution of lignosulfonate,
hydrogen peroxide concentration, and production of hydroxyl radicals were measured.
Concentrations of substrates and reactants (Table 5) were selected to resemble those
commonly found in typical bleaching applications, while remaining within the constraints required
by the analytical techniques. A pH of 3.0 was selected, that at which the mimicked enzyme, lignin
peroxidase, exhibits maximum activity.89 Data from all experiments are tabulated in Appendix mI.
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Table 5. Reaction conditions for the catalytic oxidation of lignosulfonate by
hydrogen peroxide.
Lignosulfonate 3.4 g/l
H2 02 50 mM
Catalyst
FeSO 4 and Fe-EDTA 0.5 mM
Hemoglobin (as Fe) 0.062 mM
Temperature 45°C
pH 3.0
Hemoglobin has a molecular weight of 64,500 daltons with each molecule
possessing four iron atoms. An extremely large concentration of hemoglobin (8.1 g/l) would be
needed to match the 0.5 mM iron concentration used in the FeSO4 and Fe-EDTA experiments.
Consequently, the concentration of hemoglobin used in these experiments was arbitrarily selected,
using as large a concentration as was practical (1.0 g/l), but not to exceed the concentration of
lignosulfonate (3.4 g/l).
Lignosulfonate Degradation
Chromatograms from a FeSO4 catalyzed reaction are shown in Figure 21. The
absorbance at 280 nm was continuously measured as samples eluted from the column. A clear,
increase in retention time of the molecular weight distribution of lignosulfonate is observed.
Chromatograms of reactions samples from experiments with the other catalysts are similar (see
Appendix III).
In size-exclusion chromatography, molecular mass determines elution time. Large
molecules elute earlier, as they are too large to penetrate the pores of the gel which make up the
column packing. Small molecules can penetrate these pores and are therefore retained. The
rightward shift in the molecular weight distribution of lignosulfonate observed during reaction




Figure 21. Size-exclusion chromatograms of several samples from the FeSO4 catalyzed
oxidation of lignosulfonate. See Table 5 for reaction conditions.
Weight-average molecular weights (Mw) of lignosulfonate were determined from the
distribution profiles obtained from duplicate injections of each sample. All biomimetic compounds
were able to catalyze bond cleavage in lignosulfonate (Figures 22 and 23). In the FeSO4 and
hemoglobin catalyzed reactions, substantial depolymerization of lignosulfonate as compared to the
control was achieved. The Fe-EDTA catalyzed reaction showed only a slight overall decrease in
lignosulfonate Mw. Rates of lignosulfonate degradation are compared in the section on kinetics.
Depolymerization of lignosulfonate during these reactions is apparent from the
decrease in Mw. As discussed in the Literature Review, hydroxyl radicals are produced in
solutions of hydrogen peroxide and iron, 50 ,73 chelated iron, 85,86 and hemoglobin. 87 Hydroxyl
radicals add to aromatic rings in lignin, forming hydroxycyclohexadienyl radicals.104 These
radicals then decay, resulting in chain cleavage.
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Figure 22. Weight-average molecular weights of
lignosulfonate versus reaction time for control,
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Figure 23. Weight-average molecular weights of
lignosulfonate versus reaction time for the control and
hemoglobin catalyzed reactions. See Table 5 for reaction
conditions.
Although not clearly visible in Figure 23, when hemoglobin is added to solutions
containing lignosulfonate, prior to the addition of hydrogen peroxide, a reduction in the weight-
average molecular weight of lignosulfonate is observed (Table 6). This contributes to the larger
overall reduction in lignosulfonate molecular weight observed for this reaction.
Table 6. Molecular weight of lignosulfonate before and after addition of
hemoglobin (no H20 2 present). (3.4 g/l Lignosulfonate, 1.0 g/l
hemoglobin.)
Sample Lignosulfonate (Mw)
Before addition of hemoglobin 4300
After addition of hemoglobin 3300
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Experiments with hemoglobin and lignosulfonate, in the absence of hydrogen
peroxide, showed that no significant degradation of the lignosulfonate occurred after the initial
drop (see Appendix m). This initial decrease in molecular weight was not observed in either the
FeSO 4 or Fe-EDTA catalyzed control reactions (no H20 2) (see data in Appendix III).
The initial decrease in the Mw of lignosulfonate observed upon addition of
hemoglobin (Table 6), indicates that hemoglobin is able to catalyze some chain cleavage in the
absence of hydrogen peroxide. Aqueous solutions of hemoglobin contain mostly
methemoglobin,105 where the iron is in the +3 oxidation state and unable to bind oxygen.10 6
When hemoglobin solutions were prepared for use in these experiments, solutions
were not deoxygenated. The lignosulfonate solution in the reactor was purged with nitrogen (see
Materials and Methods section) prior to addition of the hemoglobin. The dissolved oxygen in the
hemoglobin solution may participate in a slight oxidative degradation of lignosulfonate. The
elevated temperature and acidic pH provide a sufficient environment for this limited reaction to
occur.
Hydrogen Peroxide Consumption Versus Decomposition
During lignosulfonate degradation reactions, reacted hydrogen peroxide was either
consumed through oxidation of lignosulfonate or decomposed to oxygen. The net effect of these
two reactions is reflected by the change in the residual hydrogen peroxide concentration over time
(Figures 24 and 25). The addition of FeSO4 results in the largest overall reaction of hydrogen
peroxide. Fe-EDTA and hemoglobin both catalyze the disappearance of hydrogen peroxide, but
not to the same extent as FeSO 4.
The reactor used for these experiments (see Materials and Methods section) was
equipped with a device to measure oxygen as it was produced. Hydrogen peroxide decomposes to
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Figure 24. Residual hydrogen peroxide
concentration versus reaction time for the control,
FeSO 4, and Fe-EDTA reactions with hydrogen
peroxide and lignosulfonate.
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Figure 25. Residual hydrogen peroxide
concentration versus reaction time for the
hemoglobin and control reactions with hydrogen
peroxide and lignosulfonate.
oxygen via a complex radical mechanism,73 which can be summarized as:
2H 20 2 --> 2H20 + 02
Knowing the amount of peroxide converted to oxygen and the residual peroxide concentration, the
amount of peroxide consumed by reaction could be determined.
There are substantial differences between the three catalysts in the amount of
hydrogen peroxide which was decomposed to oxygen (Figure 26). For the control reaction, when
no iron catalyst was present, there was an initial increase in the amount of peroxide decomposed to
oxygen. This levels off as most peroxide was then consumed in the reaction.
The initial increase in the amount of H20 2 decomposed to oxygen in the control
reaction may be due to the presence of trace metals, although the system has been carefully
prepared to be metal-free. As lignosulfonate is degraded, phenolic products formed may chelate
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Total Reacted Hydrogen Peroxide (mM)
Figure 26. Amount of hydrogen peroxide decomposed to oxygen versus the total
amount of hydrogen peroxide reacted during the oxidation of
lignosulfonate. Reaction conditions as in Table 5.
these metals and render them inactive. This slows down the decomposition to result in more
peroxide being consumed in oxidation of lignosulfonate. It is also possible that certain
lignosulfonate degradation products may catalyze the decomposition of hydrogen peroxide. As
these products are degraded or altered, the decomposition of peroxide is slowed.
The hemoglobin catalyzed reaction exhibits a trend similar to that of the control.
After an initial increase, the amount of hydrogen peroxide which was decomposed to oxygen levels
off. The presence of hemoglobin decreased the amount of hydrogen peroxide decomposed to
oxygen. Hemoglobin, which is known for its ability to transport oxygen, is obviously superior to
the other catalysts in this regard.
The addition of FeSOn to reaction solutions caused a substantial decrease in the
decomposition of hydrogen peroxi e (or ansumed in the oxidation of substrate). In th e FeSO4
catalyzed reaction, Figure 26 shows that for the 8 mM of H0 reacted, ll H202 was
consumed by reaction. Alternatively, the addition of Fe-EDTA resulted in a substantial increase in
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the amount of decomposed hydrogen peroxide. These results explain why little degradation of
lignosulfonate was seen in the Fe-EDTA catalyzed reaction (Figure 22). Most of the hydrogen
peroxide was lost in conversion to oxygen and not utilized in oxidative degradation of
lignosulfonate as catalyzed by Fe-EDTA.
Significant differences in the amount of hydrogen peroxide which was
decomposed to oxygen is observed for each catalyst. Reproducibility of the FeSO 4 and Fe-EDTA
reactions show some scatter (Figure 27), but the trends for each catalyst are clearly different.
These differences are related to the Fe(II) -- > Fe(I) catalytic cycle.
20-
Total Reacted Hydrogenr Peroxide (mM)
Figure 27. Amount of hydrogen peroxide decomposed to oxygen versus the total
amount of hydrogen peroxide reacted during the oxidation of lignosulfonate
for two replicates of the FeSO4 and Fe-EDTA catalyzed reactions.
FeSO4, Fe-EDTA, and hemoglobin participate in the Fenton radical chain reaction.
Fe(II) is initially oxidized by H2 02 to Fe(III). Fe(III) is then reduced to Fe(II) by HO2o or H20 2,
producing 02 in reaction with the latter (see Equations 5 and 6 in the Literature Review section).
For the FeSO4 reaction, less H202 was decomposed to oxygen. This indicates that decrease in 02
evolution may be due to decreased reduction of Fe(m1) to Fe(II).
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For Fe-EDTA, the presence of the chelated iron alters the catalytic cycle from that of
unchelated iron. In this case, the reduction of Fe(II)-EDTA to Fe(II)-EDTA with concomitant
production of oxygen predominates.
For the conditions evaluated in this study, the presence of chelated iron causes a
substantial increase in this decomposition. Hemoglobin is obviously the most efficient catalyst as
it results in the least amount of hydrogen peroxide lost as oxygen.
Excessive decomposition of hydrogen peroxide to oxygen is not an efficient use of
oxidant. Trace quantities of iron present in commercial hydrogen peroxide bleaching systems
typically has been thought to be detrimental to bleaching, resulting in an increased decomposition
of hydrogen peroxide to oxygen. 74 The choice of appropriate catalysts can minimize this
decomposition.
Kinetics of Lignosulfonate Degradation
Lignosulfonate degradation reactions were characterized in two ways. First, a
kinetic analysis was performed to determine empirical rate laws. Degradation of lignosulfonate
was also characterized by comparing rates of chain scission at specific concentrations of hydrogen
peroxide.
Empirical Rate Laws
Rate laws for chemical reactions are written as a function of the disappearance of
reactant. The analogous relationship for polymer degradation can be written in terms of the
concentration of intact bonds. The change in the concentration of bonds with time will be
dependent on the number of bonds present and the concentration of reactant. The rate equation
applicable to all of the catalyzed reactions is therefore:
dt [7]
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where ki represents the overall rate constant, a the reaction order in bonds, b the reaction order in
hydrogen peroxide, and CH the concentration of hydrogen peroxide.
The number of intact bonds can be determined from the number-average degree of
polymerization, DPn, as follows:10 7
where m is the mass of the polymer and u the mass of the monomer. This equation can be
rearranged to give the following proportionality:
As DPn is proportional to Mn, and Mn is related to Mw, Equation 9 can be rewritten as:
For these systems, it is most likely that bonds are broken randomly, therefore, the
decrease in the concentration of bonds will exhibit a first order dependence on the concentration of
bonds present. 108 However, evaluation of rate data according to Equation 7 (with a = 1) showed
that the rate is independent of the concentration of bonds. Although the change in the concentration
of bonds is measurable, this change is relatively small compared to the change in hydrogen
peroxide concentration. Equation 10 can then be simplified to give:
where k,' is a modified rate constant equal to [bonds] x k,.
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The differential method was used to evaluate the reaction order b for the
dependence of the rate on hydrogen peroxide in Equation 11. Reaction rates were determined by
calculating slopes from [bonds] versus time plots. A log-log plot of the reaction rate versus
hydrogen peroxide concentration yields a line of slope b.
Once the reaction order b was determined, the rate constant kl' was calculated
using the integration method. In this method, the rate equation was integrated over time and
plotted to give a line with a slope equal to the rate constant (plots are shown in Appendix IV).
Values of parameters obtained for each catalyst are summarized in Table 7.
For the FeSO4, Fe-EDTA, and control reactions, there is a change in the reaction
order with H202 concentration (Figure 28). At high H202 concentrations, the reaction rate exhibits
a significant dependence on hydrogen peroxide. Once the concentration of peroxide drops below a
certain value, the rate becomes substantially less dependent on hydrogen peroxide. The data for
the hemoglobin reaction is slightly curved, exhibiting only a slight change in slope.
0.8 1.0 1.2 1.4 1.6 1.8
In H202
Figure 28. Kinetic plot for the control and the three catalyzed reactions of
lignosulfonate. Slopes of line are equal to the dependence of the rate on
hydrogen peroxide, or b of Equation 11.
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Table 7. Rate laws for the catalyzed hydrogen peroxide depolymerization of
lignosulfonate.
E20 2 RANGE Reaction
CATALYST (amM) Order, b Rate Constant, k1 ' a
Control 40 - 50 6.7 3.92 x 10- 1 7
Control < 40 1.9 2.13 x 10-9
FeSO4 20 - 50 3.1 2.35 x 10- 1 1
FeSO4 < 20 0.86 2.90 x 10-8
Fe-EDTA 40 - 50 6.9 1.47 x 10-18
Fe-EDTA < 40 0.88 7.07 x 10-9
Hemoglobin 20- 50 4.4 1,15 x 10-12
a units (order): mM-6 .7 min-1 (6.7), mM-1.9 min-1 (1.9) mM-3.1 min-1 (3.1), mM-0 86
min -1 (0.86), mM-6 9 min-1 (6.9), mM-0 .88 min-1 (0.88), mM-4 .4 min-1 (4.4).
The shift in reaction order reflects either changes in the substrate or changes in the
catalytic system. For the control reaction, where no catalyst is present, this change is still evident.
Consequently, this shift is not dependent on the Fe(II) -- > Fe(III) oxidation cycle.
Smith noted similar shifts in reaction order for iron- and manganese-catalyzed H202
oxidations of a lignin model compound under alkaline conditions (pH 11.0 - 11.4).77 These
changes were attributed to changes in the catalysts. Under alkaline conditions, Fe and Mn are most
likely present as insoluble hydroxides and/or oxyhydroxides. As the reaction proceeded, these
metals may have become chelated by degradation products and catalyzed the reaction. The
decreased dependence of the rate on hydrogen peroxide was attributed to the catalytic effect of
these chelates.
For results obtained from this study (Figure 28), it seems most likely that the
observed change in reaction order is a result of a change in the substrate. Certain bonds in the
lignosulfonate polymer are more easily broken than others. The differing reactivities of each
system would perhaps alter the definition of easy bonds. It would seem more plausible that the
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ability of hydrogen peroxide to aggressively degrade lignosulfonate is limited to the availability of
certain bonds which are easier to break than others.
From Figure 28 it is evident that FeSO4 catalyzes the greatest rate in bond breakage
at a given hydrogen peroxide concentration. A change in the rate of chain scission, the inflection
point in the curves, occurs at the same place for the control and Fe-EDTA reactions.
The data for the Fe-EDTA and hemoglobin reactions are very close, although the
molar iron concentration in the hemoglobin reaction (0.062 mM) was considerably less than that
used for the FeSO 4 and Fe-EDTA reactions (0.5 mM).
To compare the efficiency of Fe-EDTA and hemoglobin at equal concentrations, the
Fe-EDTA reaction was performed using 0.062 mM of iron. The kinetic plot from this and the 0.5
mM experiment (Figure 29) shows that the concentration of catalyst does not significantly affect
the rate of reaction. The dependence of the rate of bond breakage on hydrogen peroxide,
particularly at the beginning of the reaction (In H202 = -1.73), is nearly identical at both Fe-EDTA
concentrations.
In H202
Figure 29. Kinetic plot from the Fe-EDTA catalyzed reaction of lignosulfonate with
0.062 and 0.5 mM Fe-EDTA and 50 mM H202.
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From Figure 29 it can be concluded that when the concentration of hydrogen
peroxide is high, the concentration of catalyst is not as important as at lower concentrations of
peroxide. This information suggests that the reactions which predominate at high H20 2
concentrations are those reactions which consume H20 2:
Fe ++ + H202 -- > Fe++ + + OH- + oOH [1]
°OH + H2 02 -- > HO2° + H 2 0 [3]
These reactions set up the radical-driven chain reaction described by Equations 1 - 6 in the
Literature Review section. As the concentration of hydrogen peroxide decreases, the role of the
iron catalyst becomes more important, hence the higher rate of reaction at higher catalysts
concentration.
The above kinetic analysis provides an indication of the complexity of these
reactions. Rate laws were evaluated without considering the changing oxidation state of the iron
(this was not measured during reactions). The ferrous-catalyzed decomposition of hydrogen
peroxide is known to exhibit a second order dependence on the ferrous ion concentration in the
absence of organic substrates. 50 As the oxidation state of iron is changing throughout the reaction,
it is very difficult to accurately determine the prevailing rate law using the approach taken here.
Rates of Chain Scission
It can be shown' 0 9 that the number of chain scissions, N, is proportional to the





where DP t is the DP at time t, and DP. is the DP at t = 0 minutes. As the DP is proportional to
the molecular weight, Mw, Equation 12 can be rewritten as:
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Mwt Mwo
The number of chain scissions plotted against reaction time yields a straight line
when the rate of chain scission is constant throughout the reaction. In all reactions, the rate of
chain scission varies with time during the initial phases of reaction. As the reaction proceeds, the
rate of chain scission becomes more nearly constant (Figures 30 and 31). For the control and Fe-
EDTA catalyzed reaction, the rate of chain scission decreases only slightly with respect to reaction




Figure 30. Number of chain scissions in
lignosulfonate versus reaction time for the control,
FeSO 4, and Fe-EDTA reactions with hydrogen
peroxide.
0 1000 2000 3000 4000
Reaction Time (min)
Figure 31. Number of chain scissions in
lignosulfonate versus reaction time for the
hemoglobin and control reactions with hydrogen
peroxide.
For a typical chemical reaction where:
A+B -- >C




For the hydrogen peroxide oxidation of lignosulfonate, where the proposed reaction can be
generally expressed as:
intact bond + H202 --> broken bonds + 02
the rate of bond breakage (or the decrease in bond concentration) should equal the rate of H202
disappearance. For all catalysts and the control, the rate of chain scission is proportional to the rate
of hydrogen peroxide disappearance (Figure 32). This important result verifies that the chain
scission analysis used to measure reaction rates is valid.
2.0
Figure 32. Rate of chain scission plotted against the rate of hydrogen peroxide
disappearance for the control and catalyzed reactions of lignosulfonate.
As shown in Figure 32, rates of chain scission are related to the reactivity of
hydrogen peroxide. As hydrogen peroxide reacts, it is either reduced to oxygen or combined with
lignosulfonate. All peroxide consumed by lignosulfonate should result in chain cleavage. The
amount of hydrogen peroxide consumed by reaction is directly proportional to the number of chain
scissions (Figure 33). Although FeSO 4 catalyzed more H2 02 consumption than the other catalyst,
the data in Figure 33 indicate that to break a given number of chains, FeSO4 consumed more H20 2.
A linear correlation is not evident for the amount of H 20 2 decomposed to oxygen
(Figure 34). In fact, results differ greatly between the three biomimetic compounds and the
control. Data from this figure indicate that Fe-EDTA is a poor catalyst for hydrogen peroxide
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oxidation of lignosulfonate. Much of the hydrogen peroxide is lost through decomposition to
oxygen. FeSO4 is more efficient than the control initially, but as the amount of hydrogen peroxide
reacted increases, more oxidizing power is lost through decomposition. Results in Figure 34 are
very similar to those in Figure 26. This is expected as the rate of chain scission is dependent on




Figure 33. Amount of hydrogen peroxide consumed in reaction versus the number of
chain scissions in lignosulfonate.
15
Chain Scissions: 1/(Mw) - 1/(Mw)o (x 10^4)
Figure 34. Amount of hydrogen peroxide decomposed versus the number of chain
scissions in lignosulfonate.
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Another way to compare the behavior of these catalysts is to determine the rate of
chain scission occurring at specific hydrogen peroxide concentrations. Table 8 shows the rate of
chain scission occurring at 40 and 20 mM hydrogen peroxide. These values are taken from the
same experiment with an initial H20 2 concentration of 50 mM. The rate of chain scission, as
evidenced by the slope from the curves in Figures 30 and 31, is steepest for the FeSO 4 catalyzed
run.
Table 8. Rate of chain scission for the catalyzed hydrogen peroxide
depolymerization of lignosulfonate at 20 and 40 mM H202 .
RATE OF CHAIN SCISSION (x 10-7 )





The differences between the rate of chain scission at 40 and 20 mM H202 may not
be due to the hydrogen peroxide concentration alone. At 20 mM H20 2, a substantial number of
bonds have been broken in the lignosulfonate polymer. The slower rate at 20 mM H20 2 may be a
result of all "easy" bonds having been broken.
Generation of Hydroxyl Radicals
The external method of the chemiluminescence assay was used to measure hydroxyl
radicals formed during lignosulfonate degradation reactions. Hemoglobin was found to interfere
with this assay. The problems encountered and results obtained from hemoglobin reactions are
discussed in Appendix VII.
The chemiluminescence obtained from a sample analysis is proportional to the
concentration of hydroxyl radicals in solution. For the external method, samples were exposed to
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the reagent for one minute; therefore, the chemiluminescence produced is proportional to the
concentration of hydroxyl radicals produced during that one minute.
Figure 35 shows the chemiluminescence obtained for the control and the FeSO4 and
Fe-EDTA catalyzed reactions. For the control reaction, in which no catalyst was present, there is
no substantial increase in the chemiluminescence during the reaction. This indicates that few








Figure 35. Chemiluminescence versus reaction time for the catalyzed oxidation of
lignosulfonate.
For the FeSO4 and Fe-EDTA catalyzed reactions, the chemiluminescence was great
when the reaction was initiated (first sample taken < 2 minutes after initiation). As the reaction
proceeds, the chemiluminescence rapidly decreased. The FeSO4 reaction produced more
chemiluminescence than the Fe-EDTA catalyzed reaction. After 60 minutes, the
chemiluminescence from the FeSO4 reaction drops to the level of Fe-EDTA and the control, which
is essentially the baseline value. Although the chemiluminescence for these experiments are
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relatively low, data between replicates indicate good agreement and reproducibility of the technique
(Figures 36 and 37).
Figure 38 shows the chemiluminescence plotted against the amount of hydrogen
peroxide which has reacted. With the control reaction (hydrogen peroxide but no catalyst) no
variation in the chemiluminescence is observed. With the Fe-EDTA catalyzed reaction, a decrease
in the chemiluminescence is observed as the amount of reacted hydrogen peroxide increases.
It would be expected that the concentration of hydroxyl radicals would be relatively
constant during reactions. However, the initial increase in chemiluminescence indicates that most
hydroxyl radicals are produced during the initial phase of the reaction. The steady-state
concentration of hydroxyl radicals is extremely low. The chemiluminescence assay is not able to






Figure 36. Chemiluminescence versus reaction time for the ferrous sulfate catalyzed
hydrogen peroxide oxidation of lignosulfonate. Error bars represent 95%










Figure 37. Chemiluminescence versus reaction time for the Fe-EDTA catalyzed
hydrogen peroxide oxidation of lignosulfonate. Error bars represent 95%
confidence intervals determined from three determinations.
1000
Figure 38. Chemiluminescence versus the amount of hydrogen peroxide reacted for the
control, FeSO4 , and Fe-EDTA reactions.
In Figure 39 the chemiluminescence is plotted against the rate of hydrogen peroxide
0 10 20
Hydrogen Peroxide Reacted (mM)
30
consumption for the FeSO4 and Fe-EDTA catalyzed reactions. Two replicate reactions are shown
- 73 -
for each catalyst. For the FeSO4 reactions, an excellent correlation is observed between the
chemiluminescence, or hydroxyl radical concentration, and the rate at which hydrogen peroxide
reacts.
This same trend is not observed with the Fe-EDTA catalyzed reaction. Figure 40
shows the data in Figure 39, but with a shortened time scale, more clearly presenting the data
obtained at low reaction rates. It is possible that if the Fe-EDTA reactions reached a higher reaction
rate then a correlation between chemiluminescence and reaction rate would be visible. However,
even at a rate of 0.2 mM min -1, the FeSO4 catalyzed reaction exhibits a higher chemiluminescence
than the Fe-EDTA reaction.
These results indicate that Fe-EDTA in the presence of hydrogen peroxide produces
few radicals. The radicals which are produced are generated at a rate which is independent of the
rate at which hydrogen peroxide reacts (Figure 40).
1000
800
Figure 39. Chemiluminescence versus the rate of disappearance of hydrogen peroxide






Figure 40. Identical to Figure 39, but with a shortened time scale.
As evidenced from the kinetic analysis presented above, the rate of hydrogen
peroxide consumption determines the rate of bond breakage. Figure 41 shows the
chemiluminescence from these reactions plotted against the rate of lignosulfonate bond breakage
for the FeSO4 and Fe-EDTA catalyzed reaction.
1000
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Figure 41. Chemiluminescence versus the rate of chain scission in lignosulfonate for









For the FeSO4 catalyzed reaction the chemiluminescence is directly proportional to
the rate of bond cleavage. For the Fe-EDTA reaction, such a relationship does not exist. If an
increased rate in bond breakage were obtained, a relationship may then be observed.
The data in Figure 41 indicate that hydroxyl radicals are necessary to achieve
depolymerization of lignosulfonate. It would be expected that the rate of depolymerization would
be reduced if hydroxyl radicals were removed from reactions. Phthalic hydrazide, the reagent for
the chemiluminescence assay, was used to scavenge hydroxyl radicals in reactions. The rate at
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Figure 42. Residual hydrogen peroxide concentration versus reaction time for two
similar reactions of lignosulfonate.
Figure 16 in the Chemiluminescence Assay section presents data from hydrogen
peroxide and Fe-EDTA experiments with varying levels of phthalic hydrazide. For those
experiments, as the concentration of phthalic hydrazide was increased, the rate at which hydrogen
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peroxide reacted was decreased. This decrease was attributed to the slowing of reaction as
hydroxyl radicals were scavenged.
When lignosulfonate is present in reaction solutions, the hydroxyl radicals
generated should preferentially react with this substrate. Lignosulfonate, at 6.8 g/l, is nearly 200
times more concentrated than phthalic hydrazide at 0.25 mM or 0.04 g/l. The chemiluminescence
for the reaction containing only phthalic hydrazide was very low (data not shown). This indicates
that hydroxyl radicals were not reacting with the phthalic hydrazide.
Figure 43 shows the molecular weight data (determined by peak position) from
these two reactions. The substantial increase in the rate hydrogen peroxide reacts does not result in
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Figure 43. Molecular weight of lignosulfonate versus reaction time for two reactions,
containing 0.0 and 0.5 mM phthalic hydrazide.
Significance of Results
All three biomimetic compounds were able to catalyze chain scission in
lignosulfonate. Characterization of degradation rates indicated that these catalysts can be ranked in
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the following order for their ability to catalyze lignosulfonate degradation: FeSO4 > Fe-EDTA >
Hemoglobin.
Results from these experiments indicate that hydroxyl radicals are necessary for the
degradation of lignosulfonate. FeSO4 in the presence of H202 produces hydroxyl radicals, and the
greatest degradation of lignosulfonate is obtained with this catalyst. Fe-EDTA, which produces
few hydroxyl radicals, does not achieve substantial degradation of lignosulfonate. Fe-EDTA
greatly catalyzes peroxide decomposition over consumption by substrate as compared to FeSO4
and hemoglobin.
Hydroxyl radicals were not measured in hemoglobin catalyzed reactions (see
Appendix VII). However, the involvement of the hydroxyl radical in hemoglobin-catalyzed
lignosulfonate degradation is likely. Little decomposition of hydrogen peroxide was detected in
this reaction. This is similar to the FeSO 4 reaction, an oOH-generating system. Hemoglobin in the
presence of excess H202 is reported to degrade and produce free iron.87 This free iron is believed
to produce the hydroxyl radicals observed in hemoglobin plus H 20 2 systems. The stability of
hemoglobin was not measured during these experiments.
The ability of the catalyst and H20 2 to react near the lignosulfonate must also be
considered. FeSO4 dissociates in solution and is very small, enabling close association with the
lignosulfonate. Hence, most hydroxyl radicals formed in this system react with the substrate. Fe-
EDTA is slightly larger, and fewer hydroxyl radicals are produced in the Fe-EDTA + H202 system.
HO2 radicals may be more prevalent, and these radicals can react with Fe(III) to produce O2.
Hemoglobin is substantially larger than both FeSO 4and Fe-EDTA. The protein
mass of the hemoglobin must closely associate with the lignosulfonate, else the hydroxyl radicals
generated by the hemoglobin plus H 20 2system would be lost in side reactions with H 20 2, other
radicals, or with the protein in hemoglobin itself.
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CATALYZED OXIDATION OF HYDROXYETHYL CELLULOSE
Catalytic oxidation of hydroxyethyl cellulose (HEC) was performed using the same
three biomimetic compounds as for the lignosulfonate reactions. Concentrations of hydrogen
peroxide and catalysts (Table 9) were selected to achieve measurable degradation of HEC within a
sufficient reaction time, preferably 100 - 500 minutes. The concentration of iron was selected to
maintain the Fe: H2 02 ratio used in the lignosulfonate reactions.
Table 9. Reaction conditions for the catalytic oxidation of hydroxyethyl cellulose
(HEC) by hydrogen peroxide.
Hydroxyethyl Cellulose 3.0 g/l
H202 20 and 40 mM
Catalyst
FeSO4 and Fe-EDTA 0.2 mM
Hemoglobin (as Fe) 0.025 mM
Temperature 45°C
pH 3.0
For these experiments the intrinsic viscosity of reaction samples was measured
using a capillary viscometer. Viscosity-average molecular weights were calculated using the Mark-
Houwink equation, as described in the Materials and Methods section. All data from these
experiments are tabulated in Appendix V.
Only a small amount of hydrogen peroxide reacted during these experiments (<
20%). In order to determine the dependence of the rate of degradation on hydrogen peroxide, two
different initial concentrations of hydrogen peroxide were selected for evaluation.
As only a small amount of hydrogen peroxide reacted, little oxygen was evolved
from the decomposition of peroxide. Accurate determination of the amounts of peroxide consumed
and decomposed were not available. Even at the higher initial concentration of H20 2 (40 mM),
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only a slight decrease in residual hydrogen peroxide concentration was observed. Consequently, a
discussion of the decomposition versus consumption of hydrogen peroxide will be omitted.
HEC Degradation
All three biomimetic compounds catalyzed degradation of HEC over that of the
control at 40 mM H20 2 (Figure 44). Degradation of HEC by all biomimetic compounds is also
obtained at the lower peroxide concentration of 20 mM (Figure 45). The FeSO4 catalyzed reaction
resulted in the greatest degradation of HEC at both concentrations of hydrogen peroxide. Fe-
EDTA provides a sufficient catalytic environment to also degrade the HEC polymer. Hemoglobin,
even at its relatively low molar iron concentration, also catalyzes the degradation of the HEC
polymer.
The attack of sugars and polysaccharides by radical-generating systems has been
extensively studied.1 00,1 11, 1 12 Results from these efforts on the radical attack of glucose indicate
that six different primary glucosyl radicals are formed in equal yields.1 13 For polysaccharides,
these radicals then decompose, resulting in cleavage of glycosidic bonds.
The hydroxyl radical will abstract hydrogens which are bound to carbons.105 This
will predominate over addition of the hydroxyl radical to the sugar itself or the hydroxyethyl side
chains of HEC. The initial abstraction of a hydrogen will create a radical structure, which
eventually leads to chain cleavage. Therefore, the system generating the most hydroxyl radicals
will demonstrate the greatest rate of chain cleavage. These topics are discussed in the next
sections.
Kinetics of HEC Depolymerization
A plot of the number of chain scissions (Equation 13) versus reaction time yields
straight lines for all reactions (Figure 46 and 47). This indicates that the depolymerization of HEC
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Figure 44. Viscosity-average molecular weight of HEC versus reaction time for the
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Figure 45. Viscosity-average molecular weight of HEC versus reaction time for the
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Figure 46. Number of chain scissions in HEC versus reaction time for each catalyst
and a control (no catalyst) at 20 mM H20 2.
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Figure 47. Number of chain scissions in HEC versus reaction time for each catalyst
and a control (no catalyst) at 40 mM H202.
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The generalized rate equation given for lignosulfonate degradation (Equation 11)
can also be applied to the data from these experiments. As mentioned previously, the hydrogen
peroxide concentration remains relatively constant during these reactions. Using the data from the
20 and 40 mM experiments, the dependence on hydrogen peroxide was determined.
For the catalyzed hydrogen peroxide depolymerization of HEC, FeSO 4 exhibits the
greatest dependence on hydrogen peroxide (Table 10). The control, Fe-EDTA and hemoglobin
reactions show only a slight dependence on hydrogen peroxide.
Table 10. Rate laws for the catalyzed hydrogen peroxide depolymerization of
HEC. Reaction conditions as given in Table 9.





a units (order): mM -0.21 min -1 (0.21), mM -2.1 min -1 (2.1), M -0.87 min -1
(0.87), mM -0.32 min -1 (0.32).
Generation of Hydroxyl Radicals
Hydoxyl radicals generated during HEC degradation reactions were measured using
the chemiluminescence assay. As described in a previous section, phthalic hydrazide, the reagent
for this assay, has been observed to affect reaction rates when present in reaction solutions.
Identical HEC degradation reactions, performed in the presence and absence of phthalic hydrazide,
indicated that phthalic hydrazide did not significantly affect reaction rates in these experiments.
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Therefore, the original method of the chemiluminescence assay, in which phthalic hydrazide was
added to reaction solutions, was used.
When hemoglobin was present in samples, results obtained from the
chemiluminescence assay, using either the original or external methods, were ambiguous. The
external method, where phthalic hydrazide was not added to reaction solutions, was used for
reactions containing hemoglobin. These data, although their utility is questionable, are included in
Appendix VII.
Chemiluminescence values obtained using the original method of the
chemiluminescence assay, with phthalic hydrazide present in reaction solutions, are shown in
Figures 48 and 49 for the FeSO 4 and Fe-EDTA catalyzed reactions. These figures differ from
those obtained during lignosulfonate degradation reactions (Figure 35) as the data in Figures 48
and 49 are cumulative. The given charge of phthalic hydrazide initally present in the reaction
solution is continually hydroxylated throughout the experiment. Therefore, each data point
represents the chemiluminescence produced from all phthalic hydrazide hydroxylated up to that
point. This is proportional to the total amount of hydroxyl radicals produced during the reaction up
to the point of sampling.
The chemiluminescence produced during HEC degradation as catalyzed by FeSO4
(Figure 48) was greater at 40 mM H20 2 than at 20 mM. During the 40 mM reaction, the rate at
which phthalic hydrazide is hydroxylated (the slope of the line at a given time) slowly decreases
during the reaction. This decrease results from a decreased rate of hydroxylation as all phthalic
hydrazide becomes hydroxylated. In the 20 mM reaction, an increase in the chemiluminescence is
observed initially, although it is not quite linear. However, after a maximum value at
approximately 125 minutes is achieved, the rate becomes negative. A negative slope indicates that
the phthalic hydrazide was consumed in secondary reactions.
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Figure 48. Chemiluminescence versus reaction time for the FeSO4 catalyzed oxidations
of HEC at 20 and 40 mM H202 .
For HEC degradations catalyzed by Fe-EDTA (Figure 49), the chemiluminescence
produced at 40 mM is also greater than that produced at 20 mM. The chemiluminescence increased
linearly throughout the reaction for both experiments. This linear increase indicates that phthlic
hydrazide was hydroxylated at a constant rate throughout the reaction. This rate is equal to the
slopes in Figure 49, and is greater for the 40 mM reaction.
Results from Figures 48 and 49 indicate that hydroxyl radicals are produced at a
varying rate in the FeSO4 catalyzed reactions, and at a relatively constant rate in the Fe-EDTA
catalyzed reactions. Figures 50 and 51 compare the chemiluminescence data from these
experiments at 40 and 20 mM H202 , respectively. At both 20 and 40 mM H2 02 , the FeSO4
system produces the greater amount of chemiluminescence or hydroxyl radicals. This difference in
hydroxyl radical generation may be correlated to the rate at which H2 02 reacts. However, in these
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Figure 49. Chemiluminescence versus reaction time for the Fe-EDTA catalyzed
oxidations of HEC at 20 and 40 mM H202 .
The dependence of chain scission in HEC on hydroxyl radical formation is obtained
by comparing rates of oOH formation to rates of chain scission. The rate of chain scission in HEC
was constant throughout all reactions. This is apparent from the straight lines observed in Figures
46 and 47. The rate at which hydroxyl radicals were produced in the FeSO4 reactions (tangents to
the curve in Figure 48) gradually decreased from an initially high rate. In the Fe-EDTA reaction,
the rate at which hydroxyl radicals were produced was relatively constant (Figure 49).
These observations indicate that in the Fe-EDTA system a constant rate of hydroxyl
radical production yields a constant rate of chain scission. In the FeSO4 system the rate of
hydroxyl radical production is not constant, although the rate of chain scission is constant. The






Figure 50. Chemiluminescence versus reaction time for the FeSO4 and Fe-EDTA












Figure 51. Chemiluminescence versus reaction time for the FeSO 4 and Fe-EDTA
catalyzed oxidations of HEC at 20 mM H20 2.
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Significance of Results
All three biomimetic compounds were able to catalyze degradation of HEC. These
results indicate that these biomimetic compounds are capable of damaging the carbohydrates found
in pulp. Even at relatively low peroxide concentrations (20 mM), significant damage to HEC was
observed. The dependence of the rate of chain scission on hydrogen peroxide is very different for
FeSO4 (2.1) as compared to Fe-EDTA (0.87), and hemoglobin (0.32).
Hydroxyl radicals were detected in both the FeSO 4 and Fe-EDTA experiments. As
the concentration of hydrogen peroxide was increased from 20 to 40 mM, an increase in the
amount of hydroxyl radicals produced was observed for both catalytic systems. Although the rate
of hydrogen peroxide reactivity could not be measured in these experiments, the increase in
hydroxyl radicals with increased hydrogen peroxide concentration suggests that the hydroxyl
radical concentration is a function of the hydrogen peroxide concentration.
The rate at which hydroxyl radicals were produced (tangents to lines in Figures 48
and 49) were relatively constant throughout the reaction, althought the data for the FeSO 4 + H2 0 2
experiments are poor. The rate of chain scission was also constant for all reactions. From these
results it can be concluded that hydroxyl radicals are necessary for chain scission in HEC.
It can be assumed that hydroxyl radicals were also produced in the reactions
containing hemoglobin. Hydroxyl radicals are known to be produced in reaction solutions
containing hemoglobin and hydrogen peroxide. 7 The concentration of hydroxyl radicals could not
be measured using the chemiluminescence assay for hemoglobin-containing reactions.
SELECTIVITY IN THE SINGLE SUBSTRATE SYSTEM
Depolymerization of Substrates
Selectivity is most appropriately evaluated by comparing rate constants from
empirically determined rate laws. For the work presented here, a simple comparison of rate
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constants can not be made as the rate laws for each catalyst in the lignosulfonate and HEC system
are not identical.
Selectivity, S, can be evaluated by comparing the rate of chain scission of each
polymer:
rate of chain scission in lignosulfonate
S=
rate of chain scission in HEC
For the control reaction, the selectivity is decreased by increasing the hydrogen peroxide
concentration (Table 11). Alternatively, for all catalyzed reactions, the selectivity is increased by
increasing the hydrogen peroxide concentration.
Table 11. Selectivity based on the rate of chain scission of lignosulfonate and
HEC at 20 and 40 mM H20 2.
SELECTIVITY*





*S > 1 Lignosulfonate degradation predominates.
S < 1 HEC degradation predominates.
At high hydrogen peroxide concentrations (40 mM), the rate of bond breakage in
lignosulfonate for all reactions exhibits a significant dependence on hydrogen peroxide (see Table
7). The rate of chain scission in HEC is not highly dependent on hydrogen peroxide (see Table
10). Consequently, from this information it would be expected that at higher concentrations of
hydrogen peroxide, an increased selectivity would be observed. Selectivity values in Table 11 at
40 mM H20 2 reflect this.
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Selectivity values also reflect inherent differences in these catalytic systems. Size,
ability to generate hydroxyl radicals, and extent of side reactions are different for each of these
systems. Although hemoglobin is a very large molecule, compared to FeSO4 and Fe-EDTA, it is
very selective. A great increase in selecitivity is observed with hemoglobin at the higher peroxide
concentration. This indicates that there exists an optimum H2 02 : Fe ratio for this system, and
warrants further study.
In these very complex systems, it is difficult to fully characterize reaction behavior.
It was beyond the scope of this work to develop a detailed mechanistic explanation for these
reactions. The rate of substrate degradation has only been expressed in terms of the substrate and
hydrogen peroxide. Despite these shortcomings, the selectivity values in Table 11 are meaningful.
In catalyzed systems, greater selectivity was achieved at higher concentrations of hydrogen
peroxide.
Generation of Hydroxyl Radicals
Two different methods were used to measure hydroxyl radicals produced during the
lignosulfonate and HEC reactions. The external method of the chemiluninesce assay was used for
the lignosulfonate degradation reactions and all reactions containing hemoglobin. The external
method measures the amount of hydroxyl radicals produced during one minute at a given point in
the reaction. When the external method of the chemiluninescence assay was used for the HEC
degradation reactions, no chemiluminescence was observed. This was due to the low rate at which
hydroxyl radicals were produced in this system. For the HEC degradation reactions, the original
method of the chemiluminescence assay yields measureable values, while not interfering with
reactions rates.
In reactions with lignosulfonate, the generation of hydroxyl radicals was greatest at
reaction initiation, but declined quickly as the reaction proceeded. This was observed for both
FeSO4 and Fe-EDTA catalyzed reactions. This behavoir correlated directly with the rate of
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lignosulfonate degradation. In reactions with HEC, hydroxyl radicals were produced at relatively
constant rates for the FeSO 4 and Fe-EDTA systems. Rates of HEC degradation were also constant
for these reactions.
These results indicate that hydroxyl radicals are directly involved in the degradation
of both lignosulfonate and HEC. FeSO 4 + H 20 2 produced more hydroxyl radicals than Fe-EDTA
+ H202 in both substrate systems, and more substrate degradation was observed in the FeSO 4
system over that of Fe-EDTA. Unfortunately, no conclusions can be drawn regarding hydroxyl
radical production in hemoglobin reactions, as the data from these experiments are ambiguous.
Oxidation of organic compounds by Fenton's reagent [Fe(II) and H20 2 ] has been
widely studied. Hydroxyl radicals will react either by adding to rings or aliphatic chains, or
abstracting carbon-bound hydrogen atoms. Rates of *OH addition to aromatic compounds are
typically greater than those of hydrogen abstraction. 10 4 Consequently, greater reactivity would be
expected in the lignosulfonate system. However, hydroxyl radicals react slightly faster with
aromatic compounds than with Fe(II) or H 20 2. 50 Consequently, hydroxyl radicals must be
generated near the desired substrate.
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COMBINED SUBSTRATE EXPERIMENTS
Preceding sections described experiments designed to determine the selectivity of
three biomimetic catalysts for the hydrogen peroxide oxidation of lignosulfonate over hydroxyethyl
cellulose (HEC). The lignin and carbohydrate model compounds were individually exposed to
each of the chosen catalysts in the presence of hydrogen peroxide. Selectivities determined from
these experiments gave absolute values, as other organic substrates were not present.
This section describes experiments in which the selectivity of each of the three
biomimetic catalysts has been evaluated when the two model compounds were combined in
reaction solutions. This approach provides a more realistic environment in which to evaluate
selectivity.
A carbohydrate to lignin ratio of 6: 1 was chosen (Table 12). In unbleached pulp
(kappa number = 30), a ratio of approximately 22: 1 (carbohydrate to lignin) is typical. This large
ratio was impossible to achieve due to analytical constraints. As the viscosity of HEC solutions
were large, concentrations greater than 3.0 g/l result in solutions too viscous to stir. If the
lignosulfonate concentration is dropped too low, it can not be detected by the UV-detector used for
chromatography. Hence, the ratio of 6: 1 was found to be satisfactory.
Table 12. Reaction conditions for combined substrate experiments.
Lignosulfonate 0.5 g/l
Hydroxyethyl Cellulose 3.0 g/l
H20 2 20 mM
Catalyst
FeSO4 and Fe-EDTA 0.2 mM




In these experiments, selectivity can be measured directly by following the
degradation of each model compound during the reaction. However, in all reactions, including that
with hydrogen peroxide alone, analysis of reaction samples by size-exclusion chromatography
indicated that a large molecular weight product was formed. Although this complicates the
determination of selectivity, the appearance of this product, and the rate of formation thereof,
provide evidence for condensation reactions occurring between lignin and carbohydrate structures
even under mild reaction conditions (low pH and temperature).
Molecular Weight Data
Reaction samples from these combined substrate experiments were prepared for
analysis by both size-exclusion chromatography and viscometry. Calibration of these techniques
are discussed in the Materials and Methods'section.
High Performance Size-Exclusion Chromatography (HPSEC)
Several HPSEC profiles from reaction samples from the FeSO4 catalyzed reaction
are shown in Figure 52. The unreacted lignosulfonate peak (prior to reaction initiation) is clearly
visible at an elution time of approximately 13 minutes. Once the reaction has begun and the first
sample taken (t = 2 minutes), this peak is no longer visible. Instead a large peak is observed,
eluting at approximately 7 minutes, which is of much greater molecular weight.
This large molecular weight product is a result of the lignosulfonate and HEC
polymers condensing onto one another. The molecular weight of this peak (see Figure 56)
approaches 800,000. This is very near the molecular weight of HEC (undegraded), which is
approximately 1,000,000. In addition, such a peak was never observed to occur in reactions
which contained only lignosulfonate, even under extremely reactive conditions.
As the reaction proceeds, the large molecular weight product was degraded. This is
evidenced by the rightward shifting of the peak to later elution times. By the end of the reaction
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Elution Time (minutes)
Figure 52. HPSEC profiles of several samples taken during the FeSO4 catalyzed
reaction. Reaction conditions: 3.0 g/l HEC, 0.5 g/l Lignosulfonate, 20 mM
H 20 2, 0.2 mM FeSO 4, pH 3.0, and 45°C.
(255 minutes), the molecular weight of the condensation product was nearly equal to that of the
original unreacted lignosulfonate.
Figure 53 shows several HPSEC profiles of reaction samples from the Fe-EDTA
catalyzed reaction. The condensation product forms immediately, as in the FeSO 4catalyzed
reaction (Figure 52). Degradation of the condensation product is clearly visible.
Figure 54 shows several chromatographic profiles from the hemoglobin catalyzed
reaction. The large molecular weight product was formed, but not immediately as in the FeSO4 or
Fe-EDTA reactions. For the hemoglobin reaction, approximately 50% (or 0.075 g out of 0.15 g
total) of the lignosulfonate condenses onto the HEC polymer. The condensation product again
undergoes degradation in this reaction. In addition, the molecular weight of the uncondensed
lignosulfonate decreases during the reaction (Figure 57).
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Figure 53. HPSEC profiles of several samples taken during the Fe-EDTA catalyzed
reaction. Reaction conditions: 3.0 g/l HEC, 0.5 g/l Lignosulfonate, 20 mM
H20 2, 0.2 mM Fe-EDTA, pH 3.0, and 45°C.
Figure 55 shows several HPSEC profiles of reaction samples from the control
reaction (hydrogen peroxide alone). Even in the absence of catalysts, the condensation product
forms. It is visible in the first sample, taken at t = 2 minutes. During the reaction, the
condensation product was degraded. Not all of the lignosulfonate condenses onto the HEC
polymer. The uncondensed lignosulfonate was slightly degraded during the reaction (Figure 57).
Molecular weights determined for the condensation product are shown in Figure 56
for all reactions. These values were determined from HPSEC calibration curves. However, the
molecular weight distribution of this polymer exceeded the linear calibration range of the size-
exclusion column. It was difficult to obtain accurate values beyond this linear region; therefore,
these are only approximate molecular weights.
The decrease in the molecular weight of the condensation product is similar for the
FeSO4 and Fe-EDTA catalyzed reactions. The product forms immediately and was degraded
throughout the reaction. In the control reaction the condensation product forms slowly, with
maximum molecular weight obtained at approximately 50 minutes. The condensation product was
-95-
t = 240 min
t = 2 min
0 5 10 15 20
Elution Time (minutes)
Figure 54. HPSEC profiles of several samples taken during the hemoglobin catalyzed
reaction. Reaction conditions: 3.0 g/l HEC, 0.5 g/l Lignosulfonate, 20 mM
H20 2, 0.4 g/l Hemoglobin, pH 3.0, and 45°C.
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Figure 55. HPSEC profiles of several samples taken during the control reaction.
Reaction conditions: 3.0 g/l HEC, 0.5 g/l Lignosulfonate, 20 mM H20 2,
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Figure 56. Weight-average molecular weight of the condensation product as determined
from HPSEC for the control and three catalyzed reactions.
then slowly degraded. The formation of the condensation product was also slow in the
hemoglobin catalyzed reaction, but subsequent degradation was still observed.
Molecular weight decreases in Figure 56 for the condensation product are large,
ranging from 300,00 to 700,000. As lignosulfonate has a molecular weight of only 4000, these
reductions obviously reflect chain scissions occurring within the HEC polymer. It is probable that
some bonds in lignosulfonate are also cleaved, but it is impossible to distinguish whether this
weight loss reflects lignosulfonate degradation in addition to that of HEC.
Figure 57 shows the molecular weights for the uncondensed lignosulfonate in the
control and hemoglobin reactions. The addition of hemoglobin to solutions containing
lignosulfonate causes a decrease in the molecular weight of the lignosulfonate. This is seen in the
drop in molecular weight visible in Figure 57 for the hemoglobin run. This was also observed in
reactions with lignosulfonate alone (see Lignosulfonate Degradation section). The molecular
weight of HEC was not affected by the addition of hemoglobin.
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The molecular weight of the lignosulfonate in the hemoglobin catalyzed reaction
continues to drop, but then appears to slowly increase at latter reaction times. For the control
reaction, the molecular weight of the uncondensed lignosulfonate slowly drops during the reaction.
It is difficult to evaluate selectivity in the combined substrate system. The
formation of the condensation product precludes evaluation of lignosulfonate degradation as
compared to HEC degradation. For the hemoglobin and control reactions, not all lignosulfonate
condensed onto the HEC polymer. The molecular weight of this uncondensed lignosulfonate
decreased during reactions (Figure 57). These results indicate that although mostly HEC linkages
were cleaved during reactions, lignosulfonate degradation also occurred. It is likely that the
lignosulfonate portion of the condensation product was also degraded during reactions in which it
formed.
Control







Figure 57. Weight-average molecular weight versus reaction time for uncondensed







The intrinsic viscosity of reaction samples was measured during these experiments.
The calibration curve used to determine these values is based on the Mark-Houwink approach used
for HEC solutions. It is most probable that the Mark-Houwink parameters used in this relationship
are not valid. However, the approximate molecular weight values obtained provide some useful
information.
The molecular weight data obtained from intrinsic viscosity measurements are
shown in Figure 58. The most degradation occurred in the presence of FeSO 4, followed by Fe-
EDTA, hemoglobin, and the control (hydrogen peroxide only).
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Figure 58. Molecular weight of reaction samples determined by viscometry.
Figure 59 shows a comparison between the molecular weights determined by
HPSEC and viscometry for the hemoglobin-catalyzed experiments. Although the viscosity-
average molecular weight is, theoretically, closer to the weight-average molecular weight,98 this is
not what is observed in Figure 59. It must be kept in mind that HPSEC and viscometry were not
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Figure 59. Viscosity-, number-, and weight- average molecular weights determined
for the condensation product formed in the hemoglobin reaction.
Hydrogen Peroxide Data
The residual hydrogen peroxide concentration during the four reactions in the
combined substrate system are shown in Figure 60. For the FeSO 4 and Fe-EDTA catalyzed
reactions, the rate at which hydrogen peroxide reacts was similar. The control and hemoglobin
reactions occur more slowly.
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Figure 60. Residual hydrogen peroxide concentration versus reaction time for the
control, FeSO 4, Fe-EDTA, and hemoglobin reactions.
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For all reactions less than 50% of the original hydrogen peroxide charge was
consumed during these reactions. Even though little peroxide reacted (- 10 mM), degradation of
the condensation product was clearly accomplished in the FeSO 4and Fe-EDTA catalyzed reactions
(Figures 52 and 53).
Generation of Hydroxyl Radicals
Only a slight difference in the residual hydrogen peroxide concentration for the
FeSO4 and Fe-EDTA catalyzed reactions was observed when phthalic hydrazide was present
(Figures 61 and 62). As the phthalic hydrazide did not affect reaction rates, the original method of
the chemiluminescence assay was used.
The chemiluminescence from the Fe-EDTA reaction produced substantially more
hydroxyl radicals than the FeSO 4 reaction (Figure 63). Both reactions show a nearly equal
increase in the initial (from 0 to 50 minutes) rate of phthalic hydrazide hydroxylation. The
chemiluminescence in the FeSO4 reaction then levels off, while hydroxylation continues in the Fe-
EDTA reaction.
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Figure 61. Residual hydrogen peroxide versus reaction time for two similar reactions in
the presence and absence of phthalic hydrazide.
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Figure 62. Residual hydrogen peroxide concentration versus reaction time for two
similar reactions in the presence and absence of phthalic hydrazide.
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Figure 63. Chemiluminescence versus reaction time for FeSO 4 and Fe-EDTA catalyzed
reactions, using the original method of the chemiluminescence assay.
These results differ from those obtained when substrates were individually exposed
to these catalysts. In those experiments the FeSO4 catalyzed reaction produced more hydroxyl
radicals than the Fe-EDTA reaction for both the lignosulfonate and HEC reactions. It is possible




system. Alternatively, the concentration of phthalic hydrazide may have been less than 0.1 mM as
required.
Acid Hydrolysis of the Condensation Product
Acid hydrolysis of the condensation product will cleave the glycosidic linkages
within the HEC polymer. After a treatment of appropriate duration, all of the HEC attached to the
lignosulfonate can be removed. The resulting sample can be re-analyzed by size-exclusion
chromatography to determine the molecular weight of the lignosulfonate.
For this method to provide accurate results, lignosulfonate must not degrade during
the hydrolysis treatment. Acid hydrolysis of lignosulfonate, alone or in the presence of HEC,
produced no significant changes in the molecular weight or molecular weight distribution of
lignosulfonate (Figure 64). These results indicate that lignosulfonate was stable to the acid
hydrolysis conditions employed.
HPSEC profiles of the condensation product before and after acid hydrolysis are
shown in Figure 65 for the FeSO4 catalyzed reaction. The original lignosulfonate peak is also
shown for comparison. The molecular weight distribution of the acid-hydrolyzed sample has
shifted toward the right and broadened. This peak extends past the original lignosulfonate peak,
indicating that some lignosulfonate has been degraded during the reaction.
Acid hydrolysis of the condensation product from reaction samples indicates that
the lignosulfonate portion of the condensation product was degraded during this reaction.
However, it is impossible to distinguish whether all HEC has been removed from the
lignosulfonate.
The isolation and full characterization of the condensation product would require
extensive analytical work, which is beyond the scope of this thesis. The acid hydrolysis
experiments performed provide evidence for actual covalent bonding of the two substrates.
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Figure 65. Sample #5 (t = 30 minutes) from the FeSO4 catalyzed reaction before and
after acid hydrolysis.
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Condensation Product: Formation and Composition
In the above experiments, a condensation product was observed to form during
reactions containing lignosulfonate and HEC in the presence of hydrogen peroxide alone or with
catalysts. The condensation product did not form in reactions which did not contain hydrogen
peroxide. The formation of this product is believed to be a result of radical-induced coupling of the
two polymer substrates. To provide additional evidence for this hypothesis, concentrations of
substrates were changed. If the condensation product results from radical-induced coupling,
reducing the concentration of one of the components would reduce the amount of condensation
product formed.
In previous experiments the ratio of HEC to lignosulfonate was chosen to be 6: 1
to approximate the ratio of lignin to cellulose found in pulp. This ratio was altered to determine the
effect of substrate concentration on formation of the condensation product. In one case the
concentration of lignosulfonate was increased to achieve a ratio of 1 : 1. In another case, the
concentration of HEC was lowered to achieve a ratio of 0.4: 1.0. These experiments were only
performed with FeSO 4 as catalyst.
Figure 66 shows sample HPSEC chromatograms when a 1: 1 ratio of
lignosulfonate to HEC was used. As seen in previous experiments with FeSO 4 and hydrogen
peroxide, the condensation product forms immediately. In this case only a small amount of
lignosulfonate condenses onto the HEC. The free lignosulfonate was not degraded during this
experiment, while the condensation product was degraded. As only a small amount of the
lignosulfonate condensed, the condensation product is mostly HEC. As the uncondensed
lignosulfonate was not degraded during this reaction, the selectivity in this system was poor.
Figure 67 shows sample HPSEC chromatograms from a reaction in which the HEC
to lignosulfonate ratio was 0.4: 1.0. The condensation product forms, but its molecular weight







Figure 66. HPSEC profiles of several samples taken during the FeSO4 catalyzed
reaction with a substrate ratio of 1: 1. Reaction conditions: 3.0 g/l HEC,
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Figure 67. HPSEC profiles of several samples taken during the FeSO4 catalyzed
reaction with a substrate ratio of 0.4: 1. Reaction conditions: 0.2 g/l HEC,
0.5 g/l Lignosulfonate, 20 mM H2 0 2, 0.2 mM FeSO 4, pH 3.0, and 45°C.
-106-
0 100 200 300
Reaction Time (min)
Figure 68. Residual hydrogen peroxide concentration versus reaction time for varying
ratios of HEC to lignosulfonate concentration.
the original lignosulfonate. The molecular weight of the uncondensed lignosulfonate was also seen
to decrease slightly.
There was a substantial increase in the rate at which hydrogen peroxide reacts
(Figure 68) when the concentration of lignosulfonate was increased from 0.5 g/l (6: 1) to 3.0 g/l
(1: 1). When this ratio was lowered further to 0.4: 1, there was only a slight increase in the
consumption of hydrogen peroxide observed for the time period evaluated (0 to 70 minutes).
In addition, when more lignosulfonate was present in solution (a 1: 1 ratio), the
amount of hydrogen peroxide decomposed quickly increased and then leveled off (Figure 69).
However, when the concentration of lignosulfonate was lower (a 6: 1 ratio), the amount of
hydrogen peroxide decomposed during the reaction was significantly decreased.
This decrease in the amount of hydrogen peroxide decomposed was not a true
decrease. During this experiment, oxygen was initially evolved. After approximately 50 minutes
(for the 6: 1 ratio), the volume of collected gas began to decrease. This decrease resulted from the
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consumption of oxygen. As the oxygen in solution was consumed in reaction, additional oxygen
dissolved in the solution, causing a decrease in the peroxide decomposed.
The consumption of oxygen indicates a mechanism other than peroxide oxidation
predominates. Oxygen consumption begins when the condensation product is substantially
degraded and when all lignosulfonate condenses onto the HEC (6: 1 ratio). This implies that
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Figure 69. Hydrogen peroxide decomposed to oxygen versus reaction time for varying
ratios of HEC to lignosulfonate concentration.
Figure 70 shows the percentage of the H20 2 reacted which has been decomposed
versus the amount of H202 reacted. For the 6: 1 ratio, the amount of H20 2 decomposed was
initially high, but was quickly reduced, indicating that most of the H202 was being consumed by
reactions. For the 1: 1 and 0.4: 1 ratios, the data are similar; after an initially fast increase (from
reaction initiation) the percentage of hydrogen peroxide decomposed to oxygen decreased slowly.
As the concentration of lignosulfonate was increased, the rate at which hydrogen
peroxide reacts increases (Figure 71). An increase in the rate of reaction could be attributed to an
increased concentration of trace metals contained in the lignosulfonate preparation.
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Figure 70. Percentage of reacted hydrogen peroxide which has been decomposed to









Figure 71. Residual hydrogen peroxide concentration versus reaction time for HEC in
the presence of varying levels of lignosulfonate.
Generation of Hydroxyl Radicals
The external method of the chemiluminescence assay was used to measure hydroxyl
radicals in these experiments. Figure 72 shows the chemiluminescence from the 6: 1 and 1: 1






by increasing the concentration of lignosulfonate. Figure 72 shows that at the higher
lignosulfonate concentration, and therefore at higher reactivity, there are fewer hydroxyl radicals
detected, as evidenced by the lower chemiluminescence.
There was a substantial difference between chemiluminescence obtained with 0.2
g/l HEC (0.4: 1 ratio) as compared to 3.0 g/1 HEC (1: 1 ratio) in the presence of 0.5 g/l
lignosulfonate (Figure 73). As the concentration of HEC increases, the concentration of hydroxyl
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Figure 72 Chemiluminescence versus reaction time for the FeSO4 catalyzed reaction
containing 3.0 g/l HEC and 0.5 and 3.0 g/1 lignosulfonate.
400
300
Figure 73. Chemiluminescence versus reaction time for the FeSO 4 catalyzed reaction
containing 0.5 g/l lignosulfonate and either 0.2 or 3.0 g/l HEC.
-110-
Significance of Results
Selectivity of bleaching agents has typically been evaluated by examining lignin
versus carbohydrate degradation. Results from these combined substrate experiments suggest that
the condensation of wood components may be an important factor limiting bleaching effectiveness
at low pH values.
The formation of the condensation product in combined substrate experiments
presents a different and more complex reaction scenario. The following general equations
(unbalanced) can be used to describe events occurring in these experiments:
Carbohydrate + H 20 2/OHo -5- Carbohydrate Degradation Products [18]
Selectivity as defined in the traditional sense for pulp bleaching is k4/ks. However,
in all experiments with this combined system, some or all of the lignosulfonate was consumed by
reaction [15]. A new selectivity can therefore be defined as k4/k3. This new selectivity may be
useful in the determination of bleaching effectiveness. Another parameter of interest is the rate of
the condensation reaction. A reaction system which possessed a lower k2 would possibly favor
easier lignin removal with less carbohydrate damage in pulp bleaching.
With the given analytical system and design of experiments, it was difficult to
determine values for these rate constants. Only qualitative assessments can be made at this point.
These catalysts can be ranked according to their ability to form the condensation product: FeSO 4 >
Fe-EDTA > Hemoglobin > Control.
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The existence and formation of lignin-carbohydrate complexes (LCC's) has been an
area of active research. The formation of the condensation product in this study provides strong
evidence for the formation of such complexes during acidic bleaching processes.
Results from studies on the formation of LCC's provide some indication on the
likely structure of the condensation product. Reactions have been performed with different types
of sugars in the presence of several lignin model compounds under different reaction conditions.
Ohara and coworkers1 14 reacted apocynol with methyl-a-D-glucoside in a 1: 5 molar ratio in
several cooking liquors. Ether linkages between the a-carbon and the glucoside, at the C6
position, were isolated.
Perhaps of even greater relevance is a study performed by Katayama and
coworkers15 in which they studied the formation of LCC's generated during enzymatic
lignification. Coniferyl alcohol was reacted with D-glucose in the presence of peroxidase and
hydrogen peroxide under relatively mild conditions (30 minutes at room temperature). The
compounds isolated after this procedure contained a-ether linkages to the C 6 position of the sugar.
Results presented in this thesis provide convincing evidence for the formation of
condensation products between lignin and carbohydrate compounds under relatively mild
conditions. The formation of this product was a result of a radical-induced polymerization of the
two substrates. Hydroxyl radicals in other bleaching systems, such as ozone and alkaline
hydrogen peroxide have been documented. The formation of the condensation product under
ozone bleaching conditions should be investigated.
Alkaline Conditions
To determine if the condensation product is likely to form under conventional
alkaline hydrogen peroxide bleaching conditions, an experiment similar to those previously
described was performed except at a pH of 11.0. At this alkaline pH, no condensation product
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was observed to form. The viscosity of reaction solutions decreased quickly (observation only),
while no degradation of lignosulfonate was observed.
The alkaline reaction proceeds much more quickly than the acid peroxide reaction
(Figure 74). Even though the alkaline reaction proceeds at a much quicker rate, no condensation
product was formed. From these results it can be concluded that the formation of the condensation




Figure 74. Residual hydrogen peroxide versus reaction time for similar reactions at
initial pH of 3.0 and 11.0.
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CONCLUSIONS
The focus of this work was to explore the use of biomimetic compounds as
catalysts for hydrogen peroxide delignification of wood pulp. To accomplish this goal, the
selectivity of three iron-based biomimetic compounds for lignin degradation over that of
carbohydrate was evaluated.
SELECTIVITY
Lignosulfonate and HEC, the polymeric model compounds chosen for this study,
were individually exposed to each of three biomimetic catalysts (FeSO4, Fe-EDTA and
hemoglobin) in the presence of hydrogen peroxide. Degradation of these polymeric substrates was
characterized and compared. Hemoglobin was found to be the most selective for lignosulfonate
degradation relative to that of carbohydrate.
When lignosulfonate and HEC were combined in reaction solution, a large
molecular weight condensation product was observed to form. This product formed in all
reactions which contained hydrogen peroxide and catalysts, as well as the control reaction
(hydrogen peroxide alone). The condensation production did not form in the absence of hydrogen
peroxide. The formation of this condensation product is significant as it provide evidence for
counterproductive reactions occurring in acidic bleaching environments.
HYDROXYL RADICALS
Hydroxyl radicals were measured in reactions using a chemiluminescence assay.
The original method as described by the authors suffered from several shortcomings, which were
overcome by modifying the existing method. Hydroxyl radicals were detected in both the FeSO 4
and Fe-EDTA catalyzed oxidation reactions, in the presence of lignosulfonate or HEC (or when
combined). Hydroxyl radicals were not measured in reactions containing hemoglobin as catalyst,
due to a limitation of the assay.
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Evidence obtained herein supports involvement of the hydroxyl radical in the
degradation of lignosulfonate as well as HEC during catalyzed hydrogen peroxide oxidation.
During lignosulfonate degradation reactions, results obtained indicated that hydroxyl radicals were
necessary for chain scission of the polymer to occur. These radicals, also observed during the
degradation of HEC, cause chain scission of the carbohydrate. Careful selection of a catalyst in a
commercial pulp bleaching system will possibly enable hydroxyl radicals to be directed toward
lignin, achieving greater delignification without substantial degradation of the carbohydrate.
Biomimetic compounds for pulp bleaching must be designed to be selective for
lignin degradation. The chosen catalyst must closely associate with lignin so as to produce
hydroxyl radicals near this desired substrate. These issues must be considered in further
evaluation of biomimetic compounds for pulp bleaching applications. Hydroxyl radicals are
necessary for the degradation of lignosulfonate, and, by extension, are also required for the
degradation of kraft residual lignins by biomimetic systems.
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RECOMMENDATIONS FOR FUTURE WORK
BIOMIMETIC CATALYSTS
The direct involvement of lignin peroxidase in the enzymatic degradation of lignin
has been questioned. Evidence has been obtained which indicates that polymerization of lignins
occurs when exposed to enzymatic treatments. The generation of hydroxyl radicals during the
enzymatic degradation of lignin is also still debated.
Biomimetic compounds have been successfully used to help elucidate the
mechanisms for enzymatic degradation of lignin. Results from this thesis show that certain
catalysts do exhibit some selectivity.
To further elucidate the role of the hydroxyl radical in bleaching systems with iron-
based catalysts, iron chelated with DTPA could be used. Iron chelated by DTPA does not
participate in the Fe(II)-Fe(Im) redox cycle. Experiments using Fe-DTPA would limit the radical-
reduction of Fe, allowing radicals to react specifically with the substrate and reactant (hydrogen
peroxide). Other metal-based catalysts should also be investigated.
In a pulp system, heterogeneous reaction conditions prevail. Achieving close
association between the lignin in the pulp fibers and a water-soluble catalyst seems unlikely. The
hydroxyl radical is known to react with substrates at nearly diffusion-controlled rates. Hydroxyl
radicals generated in pulp systems would react most readily with the closest substrates, be it pulp,
hydrogen peroxide, or other extraneous material. Hence, this system would result in excessive
damage of carbohydrate (the more abundant substrate in pulp) and loss of oxidizing power through
miscellaneous side reactions.
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THE COMBINED SUBSTRATE SYSTEM
Results from the combined substrate experiments have provided unique evidence
for the production of a lignin-carbohydrate complex to form under relatively mild conditions.
Experiments using this unique system could be designed to further evaluate under what conditions
this product is formed. Whether the condensation product forms under conditions used in ozone
bleaching would perhaps provide an explanation for the limited selectivity of ozone. The
optimization of reaction conditions which minimize the formation of this condensation product
would provide evidence for a better bleaching agent.
THE CHEMILUMINESCENCE ASSAY
The chemiluminescence assay is a useful way to measure the production of
hydroxyl radicals in reaction solutions. Limited utility of this assay was found in this work, but
this was due to instrumentation problems. Changing the system which was used to measure light
produced from these chemiluminescent reactions, or direct measurement of the hydroxylated
product, would be modifications to improve the assay.
An old photometer was used to measure chemiluminescence from samples. The
maximum volume suggested for use in this instrument is 100 - 150 1. Using such a small sample
volume limits the amount of light produced during the assay. This greatly reduces the sensitivity
of the assay as well. By using a different photometer with a larger sample volume, the amount of
light produced from a given sample will be greatly increased. This will increase the sensitivity of
the assay.
Reitberger and Gierer, who developed this assay, have published modifications to
their procedure which involves using High Performance Liquid Chromatography (HPLC) to
measure the hydroxylated phthalic hydrazide produced during reactions.
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DATA FROM CHEMILUMINESCENCE CALIBRATION AND SENSITIVITY
EXPERIMENTS
This appendix contains data from the calibration and sensitivity experiments
performed during the development of the chemiluminescence assay.
Table 13. Data from the UV-irradiation of 50 mM H202 containing 0.5 mM
phthalic hydrazide (six replicates for each sample).























































a Standard deviation based on six determinations of a sample.
Reaction data for the 100 mM H202, 0.1 mM Fe-EDTA, 0.5 mM





0 - - - 3.10 19.29 16.55
1 102.38 0.00 0.00 3.05 68.11 10.85
40 102.13 0.00 0.00 3.04 440.89 71.44
80 102.38 0.00 0.00 3.03 765.14 134.34
120 102.44 0.00 0.00 3.08 1557.35 352.54
160 102.50 - - 3.06 1824.18 70.68
204 - - - 3.05 2437.96 894.82
238 - - - 3.06 1609.59 260.05
302 - - 3.07 1996.03 175.14
360 -- --- 3.07 1317.14 81.72
a Standard deviation based on three samples.
Table 14.
Time (min) Std. a
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Table 15. Reaction data for the 100 mM H20 2, 0.25 mM Fe-EDTA, 0.5 mM
phthalic hydrazide, pH 3.0, 45°C. HR-23, Nbk. 4080, Pg. 166.
Hydrogen Peroxide (mM)




0 101.00 0.00 0.00 3.09 16.60 8.03
1 101.00 0.00 0.00 3.11 190.26 15.14
30 100.75 1.92 -1.67 3.11 612.35 92.62
60 100.63 2.12 -1.75 3.10 1122.75 46.20
90 -- 2.30 -- 3.10 1788.88 274.35
120 100.00 2.51 -1.50 3.10 1271.99 109.96
165 99.25 2.93 -1.18 3.10 1151.42 185.98
211 98.56 3.47 -1.03 3.14 619.08 84.75
256 97.56 4.12 -0.69 3.15 693.07 43.03
300 96.50 4.90 -0.40 3.19 542.99 49.38
368 94.75 5.88 0.37 3.19 478.54 69.86
a Standard deviation based on three samples.
Table 16. Reaction data for the 100 mM H20 2, 0.5 mM Fe-EDTA, 0.5 mM
phthalic hydrazide, pH 3.0, 45°C. HR-17, Nbk. 4080, Pg. 148.
Hydrogen Peroxide (mM)
Chemi.
Time (min) Residual Decomposed Consumed pH (mV-se Std.a
1 99.63 0.00 0.00 3.16 172.82 96.56
30 99.13 1.92 -1.42 3.15 542.08 58.18
60 98.50 2.21 -1.08 3.13 1487.93 385.86
94 98.00 2.62 -0.99 3.14 1265.28 52.46
120 96.50 3.23 -0.10 3.14 1159.10 189.37
150 94.50 4.20 0.93 3.17 892.75 36.76
183 92.13 5.81 1.69 3.27 572.17 174.19
211 89.13 9.56 0.94 3.29 431.11 21.22
240 85.00 11.98 2.65 3.22 231.13 48.57
271 80.00 15.27 4.35 3.21 117.23 36.71
330 68.38 23.78 7.47 3.14 73.77 3.04
a Standard deviation based on three samples.
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Table 17. Reaction data for the 100 mM H20 2, 10.0 mM Fe-EDTA, 0.5 mM






0 100.00 0.00 0.0 2.91 414.97 86.86
1 96.63 0.00 3.38 2.87 934.45 112.18
15 64.88 7.15 27.97 2.86 110.30 10.58
22 6.75 -- - 2.88 148.20 34.46
25 4.50 - -- 2.93 -- ---
28 -- - -- 2.96 -- ---
35 - -- -- 2.98 166.90 3.67
40 - - 178.35 19.39
a Standard deviation based on three samples.
Table 18. Reaction data for the 100 mM H202, 0.5 mM Fe-EDTA, 0.25 mM
phthalic hydrazide, pH 3.0, 45°C. HR-19, Nbk. 4080, Pg. 152.
Hydrogen Peroxide (mM)
Time (min) Residual Decomposed Consumed pH (mV-sec) Std.a
0 100.00 0.00 0.00 3.18 239.60 8.62
1 99.63 0.00 0.00 3.18 438.38 60.17
29 99.63 1.92 -1.92 3.18 2060.83 341.68
62 97.13 2.21 0.29 3.22 862.26 85.17
91 91.38 2.62 5.63 3.19 258.36 31.62
154 69.00 3.23 27.40 3.20 26.84 3.65
210 58.00 4.20 37.42 3.20 40.50 14.93
270 50.63 5.82 43.18 3.20 36.37 11.32
330 45.63 9.58 44.42 3.22 47.25 10.11
a Standard deviation based on three samples.
Std.a
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Table 19. Reaction data for the 100 mM H202, 0.25 mM Fe-EDTA, pH 3.0,
45°C. HR-30, Nbk. 4143, Pg. 3.
Hydrogen Peroxide (mM)
Time (min) Residual Decomposed Consumed
Chemi.
P (mV-sec) Std.a
0 - - 3.09 12.67 5.71
1 102.75 0.00 0.00 3.12 18.62 7.66
30 97.38 2.15 3.23 3.10 75.43 21.91
60 86.75 6.07 9.93 3.10 64.58 9.82
80 82.13 9.09 11.53 3.10 43.42 11.85
100 78.88 11.36 12.51 3.10 16.75 4.61
130 74.88 14.61 13.26 3.12 24.99 10.38
180 71.88 17.75 13.13 3.14 13.92 7.42
270 66.88 20.82 15.06 3.14 10.90 7.70
a Standard deviation based on three samples.
Table 20. Reaction data for the 100 mM H20 2, 0.1 mM Fe-EDTA, pH 3.0, 45°C.
HR-28, Nbk. 4080, Pg. 188.
IHydrogen Peroxide (mM)
Chemi.
Time (mrin) Residual Decomposed Consumed pH (mV-sec) Std.a
0 - - -- 3.11 5.16 3.72
1 104.88 0.00 0.00 3.08 18.42 3.12
30 102.25 2.97 -0.34 3.11 29.19 7.61
60 99.13 4.53 1.22 3.11 39.92 8.69
90 95.75 6.73 2.40 3.12 36.61 10.72
120 93.00 8.56 3.31 3.16 25.59 8.86
180 90.00 11.22 3.65 3.19 25.94 12.92
240 88.13 13.25 3.50 3.19 21.15 4.73
330 85.75 15.48 3.65 3.13 10.33 7.56
420 83.63 17.30 3.95 3.15 7.08 3.61
a Standard deviation based on three samples.
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Table 21. Reaction data for the 100 mM H20 2, 10.0 mM Fe-EDTA, pH 3.0,
45°C. HR-29, Nbk. 4080, Pg. 190.
Hydrogen Peroxide (mM)
Time (min) Residual Decomposed Consumed
Chemi.
pH (mV-sec)
0 100.00 0.00 4.88 3.10 6.20 3.72
1.0 47.63 0.00 57.25 3.02 408.06 42.97
3.0 14.38 8.92 81.58 3.00 60.63 16.03
4.5 - 16.80 - - 51.74 29.86
6.0 3.50 24.68 76.69 2.99 8.59 3.30
8.25 - - - -- 10.78 5.97
12 - - - -- 11.27 8.99
a Standard deviation based on three sample determinations.
Table 22. Reaction data for the 100 mM H202, 0.5 mM Fe-EDTA, pH 3.0, 45°C.





Dec. Cons. pH HoldHold
5 min.
Std.a Hold Std.a
0 -- 3.05 3.90 2.91 7.91 4.16
1 101.75 0.00 0.00 3.07 25.63 12.73 49.71 4.96
15 98.85 2.90 1.97 3.08 102.18 19.28 132.65 21.53
30 94.04 7.71 7.54 3.06 116.16 34.06 150.86 12.98
46 85.72 16.03 10.03 3.05 99.09 10.38 130.69 22.49
60 81.04 20.71 11.91 3.08 68.19 8.99 62.79 9.05
80 76.26 25.49 13.64 3.06 42.14 9.31 66.69 14.40
100 72.70 29.05 13.32 3.06 11.56 5.66 42.53 7.91
120 69.38 32.37 13.13 3.07 11.10 4.15 28.02 9.89
150 65.56 36.19 12.93 3.08 20.87 8.95 42.21 13.48
180 52.17 39.58 15.05 3.06 29.86 13.89 52.45 5.59
240 57.27 44.48 11.65 3.06 6.17 3.54 35.88 6.34




REACTIVITY OF LIGNOSULFONATE PREPARATIONS
Several batches of lignosulfonate were prepared to obtain enough substrate for all
reactions. The same procedures were used each time, as outlined in the Materials and Methods
section. Figure 75 shows HPSEC chromatographic profiles obtained from several different
preparations of lignosulfonate. There is no difference in the molecular weight distributions of
these two preparations. This verifies that a uniform product was obtained each time.
To further insure reproducible lignosulfonate preparations were obtained, the
reactivity of several lignosulfonate preparations were compared. Figure 76 shows the residual
hydrogen peroxide data obtained from similar reactions in which different lignosulfonate
preparations were used. The slight discrepancies in the consumed and decomposed hydrogen
peroxide data are due to the variability in the oxygen collection system. From Figure 76 it is
evident that the reactivities of the two lignosulfonate preparations are identical.
Comparisons of HPSEC chromatograms (see Figure 75) show that a uniform
product was obtained from this procedure. For LS Prep IX, fewer low molecular weight chains
are included in this preparation, as seen by the narrower distribution of the HPSEC profile in
Figure 75. This was obtained by increased washing of the sample to remove these lower
molecular weight fragments. LS Prep X (not shown), used for all experiments presented in this
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Figure 76. Residual, consumed and decomposed hydrogen peroxide versus reaction times
for two identical experiments, except for the lignosulfonate preparation used.





















Effect of SEC Column
Size-exclusion chromatography was initially performed using a column (Bio-Sil
SEC 250) with a molecular weight range of 10,000 - 300,000. During lignosulfonate degradation
reactions, the lower portion of the lignosulfonate molecular weight distribution curve fell below the
lower limit of the linear calibration range. The poor resolution of molecular weights in this region
lead to inaccurate determinations of weight- and number- average molecular weights.
A new column (Bio-Sil SEC 125) with a 5,000 - 100,000 molecular weight range
was purchased. The linear calibration range of this column extended well below the lowest point
of the lignosulfonate molecular weight distribution, even for degraded lignosulfonate samples.
In Figure 77 the weight-average molecular weights of lignosulfonate, as determined
from the old column (SEC 250) and the new column (SEC 125), are plotted against reaction time
for the FeSO4 catalyzed reaction of hydrogen peroxide. As expected for these identical reactions,
the shapes of the curves are similar.
6000
0 100 200 300
Reaction Time (mm)
Figure 77. Weight-average molecular weights of lignosulfonate versus reaction
time for the FeSO 4 catalyzed reaction of hydrogen peroxide using two
different size-exclusion columns to determine molecular weights. Old
column: SEC 250. New column: SEC 125.
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APPENDIX III
DATA FROM LIGNOSULFONATE EXPERIMENTS
This appendix contains all data from experiments with lignosulfonate. Tables 23 -
40 are numerical values for data obtained. High Performance Size-Exclusion Chromatograph
(HPSEC) profiles from these experiments are shown in Figures 78 - 86. This appendix includes
data from control experiments with no hydrogen peroxide (lignosulfonate alone, and plus
catalysts).
Table 23. Data for the control reaction (no catalyst). Reaction conditions: 3.4 g/l




(min) Residual Decomposed Consumed pH Chemi.
(mV-sec)
Std.
0 50.0 --- 3.05 71.4 9.10
1 50.0 0.0 1.4 3.08 81.0 7.45
60 46.1 5.2 2.4 2.90 73.7 19.50
120 44.0 5.7 4.0 2.80 - -
240 42.7 5.9 5.2 2.74 -
480 39.2 6.0 8.5 2.66 - -
1535 33.7 6.0 14.0 2.57 -
2918 28.3 6.6 18.9 2.50 --
3273 28.0 8.7 17.1 2.50 - -
Table 24. Lignosulfonate molecular weights for LH-30.
Lignosulfonate Molecular Weight
Time
(min) Mw Std. Mn Std. Mw/Mn
0 4018 5.6 2760 - 1.46
1 3968 10.6 2704 - 1.47
60 3649 19.1 2472 - 1.48
120 3544 7.1 2391 - 1.48
240 3477 21.2 2342 - 1.49
480 3369 2.1 2262 - 1.49
1535 3023 4.2 2022 - 1.50
2918 2766 0.7 1853 - 1.49
3273 2705 5.7 1810 - 1.49
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Table 25. Data for the FeSO4 catalyzed reaction. Reaction conditions: 3.4 g/l
lignosulfonate, 50 mM H20 2, 0.5 mM FeSO4, pH 3.0, 45°C. LH-28,
Nbk. 4201, Pg. 126.
Hydrogen Peroxide (mM)
Residual Decomposed Consumed pH Chemi.
(mV-sec)
Std.
0 50.0 -- 3.22 82.3 7.2
1 42.6 0.0 7.4 3.12 882.8 55.1
10 33.9 2.0 14.1 2.91 292.1 11.7
20 29.9 4.1 16.0 2.82 189.4 2.6
40 24.5 6.7 18.8 2.74 140.4 6.0
62 20.4 7.9 21.7 2.68 125.1 14.3
90 16.5 7.9 25.6 2.61 --- ---
150 11.3 8.0 30.6 2.55 - --
240 6.5 10.8 32.7 2.49 --- ---
Table 26. Lignosulfonate molecular weights for LH-28.
Lignosulfonate Molecular Weight
Time
(min) Mw Std. Mn Std. Mw/Mn
0 4114 -- 2740 -- 1.50
1 3756 8.5 2494 - 1.50
10 3443 25.5 2262 -- 1.52
20 3306 1.4 2162 - 1.53
40 3170 3.5 2056 -- 1.54
62 3070 2.1 1986 -- 1.54
90 2987 19.8 1938 -- 1.54
150 2842 15.6 1856 - 1.53




Table 27. Data for the Fe-EDTA catalyzed reaction. Reaction conditions: 3.4 g/l
lignosulfonate, 50 mM H20 2, 0.5 mM Fe-EDTA, pH 3.0, 45°C. LH-




Residual Decomposed Consumed pH Chemi.
(mV-sec)
Std.
0 52.0 -- 3.12 99.5 6.9
1 51.6 - - 3.11 195.4 8.6
15 44.6 3.4 3.6 3.06 92.0 21.2
30 42.8 5.0 3.8 3.01 93.5 6.9
45 41.7 6.6 3.4 2.97 101.3 4.6
75 39.3 8.4 4.0 2.91 -- --
120 36.0 9.2 6.4 2.89 --
248 29.9 9.8 11.9 2.71 --
378 23.9 11.6 16.1 2.64 - --
Table 28. Lignosulfonate molecular weights for LH-29.
Lignosulfonate Molecular Weight
Time
(min) Mw Std. Mn Std. Mw/Mn
0 4213 21.2 2521 - 1.67
1 4132 23.3 2578 - 1.60
15 3997 21.2 2500 - 1.60
30 3924 2.1 2453 - 1.60
45 3860 14.1 2406 - 1.61
75 3787 9.9 2313 - 1.64
120 3688 16.3 2251 - 1.64
248 3444 8.5 2087 - 1.65
378 3265 12.7 1971 - 1.66
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Table 29. Data for the hemoglobin catalyzed reaction. Reaction conditions: 3.4
g/l lignosulfonate, 50 mM H20 2, 1.0 g/l hemoglobin, pH 3.0, 45°C.
LH-27, Nbk. 4201, Pg. 122.
Hydrogen Peroxide (mM)
Residual Decomposed Consumed pH Chemi.
(mV-sec)
Std.
0 ---- 70.2 5.3
0 52.0 -- -- 3.06 567.9 38.4
1 52.2 --- -- 3.08 618.9 186.5
30 43.8 3.4 5.0 2.94 105.8 13.7
60 42.2 4.4 5.6 2.89 79.0 5.8
180 37.4 4.4 10.5 2.77 85.8 2.4
361 34.8 4.5 12.9 2.70 70.3 10.9
602 31.6 4.5 16.1 2.62 -- --
912 29.2 4.5 18.5 2.60
1873 23.0 4.5 24.7 2.55 -
3114 20.3 4.7 27.2 2.75 --
Table 30. Lignosulfonate molecular weights for LH-27.
Lignosulfonate Molecular Weight
Time
(min) Mw Std. Mn Std. Mw/Mn
0 3940 5.0 2656 - 1.48
0 3341 33.9 2391 - 1.40
1 3300 3.5 2384 - 1.39
30 3157 9.9 2274 - 1.39
60 3073 9.9 2171 -- 1.41
180 2991 -- 2024 -- 1.44
361 2761 -- 1825 -1.46
602 2622 - 1730 -- 1.52
912 2460 -- 1609 -- 1.53




Table 31. Data for the Fe-EDTA catalyzed reaction. Reaction conditions: 3.4 g/l
lignosulfonate, 50 mM H202, 0.06 mM Fe-EDTA, pH 3.0, 45°C. LH-
32, Nbk. 4201, Pg. 154.
Hydrogen Peroxide (mM)
Residual Decomposed Consumed pH Chemi.
(mV-sec)
Std.
0 --- 3.24 95.8 20.8
1 52.12 0.00 0.00 3.26 78.4 3.0
30 45.68 4.11 2.33 3.15 67.5 29.7
30 45.29 5.29 1.54 3.08 62.6 5.2
120 43.94 6.49 1.69 2.99 76.2 10.3
210 42.16 7.10 2.86 2.90 72.2 18.3
391 39.39 9.07 3.66 2.78 --- ---
1437 30.13 9.24 12.75 2.62 -
2915 21.78 10.03 20.31 2.62 ------
Table 32. Lignosulfonate molecular weights for LH-32.
Lignosulfonate Molecular Weight
Time
(min) Mw Std. Mn Std. Mw/Mn
0 3995 14.8 2714 -- 1.47
1 3924 10.6 2654 -- 1.48
30 3749 7.1 2534 - 1.48
30 3675 18.4 2476 - 1.49
120 3561 9.2 2396 - 1.49
210 3470 6.4 2340 - 1.49
391 3324 29.7 2224 - 1.50
1437 2834 4.2 1895 - 1.50




Table 33. Data for the lignosulfonate control reaction. Reaction conditions: 3.4




Residual Decomposed Consumed pH Chemi.
(mV-sec)
Std.
1 --- --- 3.04 -
60 -- ---- 2.89 --- ---
123 -- ----- 2.86 --- ---
177 -- ----- 2.85 ---
287- --- -- 2.84 --- ---
360 --- -- 2.83 --- ---
Table 34. Lignosulfonate molecular weights for LH-20.
Lignosulfonate Molecular Weight
Time
(min) Mw Std. Mn Std. Mw/Mn
1 3968 30.4 2306 9.2 1.73
60 4074 202.2 2298 4.9 1.78
123 4062 262.3 2315 4.2 1.76
177 3902 5.7 2299 12.7 1.70
287 3895 15.6 2309 2.8 1.68
360 3872 3.5 2284 0.7 1.70
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Table 35. Data for the FeSO 4 control reaction. Reaction conditions: 3.4 g/l
lignosulfonate, 0.5 mM FeSO4, pH 3.0, 45°C. LH-18, Nbk. 4201,
Pg. 40.
Hydrogen Peroxide (mM)
Residual Decomposed Consumed pH Chemi.
(mV-sec)
Std.
0 - --- -- 3.4 34.98 1.69
2.5 - --- -- 3.10 33.60 5.58
59 -- -- -- 3.01 33.67 4.36
122 - - - 2.98 33.79 1.02
216 - - - 2.97 - ---
301 - - -- 2.96 34.97 16.65
Table 36. Lignosulfonate molecular weights for LH-18.
Lignosulfonate Molecular Weight
Time
(min) Mw Std. Mn Std. Mw/Mn
0 3908 22.6 2361 15.6 1.66
2.5 3802 21.9 2291 5.7 1.66
59 3780 14.8 2274 26.2 1.66
122 3822 9.9 2314 27.6 1.66
216 3778 31.8 2269 52.3 1.66




Table 37. Data for the Fe-EDTA control reaction (no peroxide). Reaction
conditions: 3.4 g/l lignosulfonate, 0.5 mM Fe-EDTA, pH 3.0, 45°C.
LH-19, Nbk. 4201, Pg. 42.
Hydrogen Peroxide (mM)
Residual Decomposed Consumed pH Chemi.
(mV-sec)
Std.
0 --- 3.40 32.27 6.42
3 --- -- 3.11 34.99 4.00
59 -- ----- 3.03 35.39 1.64
115 -- ----- 2.99 35.73 7.23
228 -- -- - 2.99 37.04 15.27
325 - - - 2.98 30.56 0.83
Table 38. Lignosulfonate molecular weights for LH-19.
Lignosulfonate Molecular Weight
Time
(min) Mw Std. Mn Std. Mw/Mn
0 3963 18.4 2394 26.2 1.66
3 3800 38.2 2127 19.8 1.79
59 3770 9.2 2122 6.4 1.78
115 3714 2.1 2094 5.7 1.78
228 3727 39.6 2118 13.4 1.76




Table 39. Data for the hemoglobin control reaction (no peroxide). Reaction
conditions: 3.4 g/l lignosulfonate, 1.0 g/l hemoglobin, pH 3.0, 45°C.




Residual Decomposed Consumed pH Chemi.
(mV-sec)
Std.
0 -- -- 3.06 -
1 - -- 3.01 - -
66 -- -- -- 2.91 -
120 - - - 2.90 --
239 - - - 2.87 -
480 -- - - 2.83 -
2913 - - - 2.81 ---
Table 40. Lignosulfonate molecular weights for LH-31.
Time
Lignosulfonate Molecular Weight
(min) Mw Std. Mn Std. Mw/Mn
0 4064 - 2044 - 1.99
1 3396 - 1811 - 1.88
66 3340 - 1756 - 1.90
120 3342 - 1766 - 1.90
239 3304 - 1780 - 1.86
480 3429 - 1774 - 1.94






Figure 78. HPSEC profiles of reaction samples taken from the control reaction. LH-30.
Reaction conditions: 3.4 g/l lignosulfonate, 50 mM H20 2, pH 3.0 and 45°C.




Figure 79. HPSEC profiles of reaction samples taken from the FeSO4 catalyzed reaction.
LH-28. Reaction conditions: 3.4 g/l lignosulfonate, 50 mM H202 , 0.5 mM





Figure 80. HPSEC profiles of reaction samples taken from the Fe-EDTA catalyzed
reaction. LH-29. Reaction conditions: 3.4 g/l lignosulfonate, 50 mM H202,





Figure 81. HPSEC profiles of reaction samples taken from the hemoglobin catalyzed
reaction. LH-27. Reaction conditions: 3.4 g/l lignosulfonate, 50 mM H202,
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Figure 82. HPSEC profiles of reaction samples taken from the Fe-EDTA reaction at
reduced Fe-EDTA concentration. LH-32. Reaction conditions: 3.4 g/l
lignosulfonate, 50 mM H202, 0.06 mM Fe-EDTA, pH 3.0 and 45°C. Sample





Figure 83. HPSEC profiles of reaction samples taken from the lignosulfonate control
reaction. LH-20. Reaction conditions: 3.4 g/l lignosulfonate, pH 3.0 and
45°C. Sample times as indicated in Table 34.
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Figure 84. HPSEC profiles of reaction samples taken from the FeSO4 control reaction.
LH-18. Reaction conditions: 3.4 g/l lignosulfonate, 0.5 mM Fe-S04, pH 3.0




Figure 85. HPSEC profiles of reaction samples taken from the Fe-EDTA control reaction.
LH-19. Reaction conditions: 3.4 g/l lignosulfonate, 0.5 mM Fe-EDTA, pH
3.0 and 45°C. Sample times as indicated in Table 38.
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Figure 86. HPSEC profiles of reaction samples taken from the hemoglobin control
reaction. LH-31. Reaction conditions: 3.4 g/l lignosulfonate, 1.0 g/l
hemoglobin, pH 3.0 and 45°C. Sample times as indicated in Table 40.
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APPENDIX IV
KINETIC DATA FROM LIGNOSULFONATE EXPERIMENTS
This appendix contains the kinetic data and plots used to determine the rate laws for
the oxidation of lignosulfonate. Data are listed in Tables 41 - 46. Integral plots are shown in
Figures 87 - 93.
Table 41. Kinetic data for the control reaction (LH-30). Differential plot shown




log [H202] rate =
- d [bonds] / dt
(x 10-8)
log r
60 46.1 1.664 15.41 -6.812
120 44.0 1.643 7.33 -7.135
240 42.7 1.630 5.32 -7.274
480 39.2 1.593 3.53 -7.452
1535 33.7 1.528 2.70 -7.569
2918 28.3 1.451 1.90 -7.721
3273 28.0 1.447 - -
Table 42. Kinetic data for the FeSO4 reaction (LH-28). Differential plot shown in




log [H202] rate =
- d [bonds] / dt
(x 10-6)
log r
1 42.6 1.630 3.750 -5.426
10 33.9 1.530 1.428 -5.845
20 29.9 1.476 0.833 -6.079
40 24.5 1.390 0.526 -6.279
62 20.4 1.310 0.375 -6.426
90 16.5 1.217 0.333 -6.477
150 11.3 1.054 0.250 -6.602
240 6.52 0.814 0.142 -6.848
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Table 43. Kinetic data for the Fe-EDTA reaction (LH-29). Differential plot
shown in Figure 28; integral plot shown in Figures 91 and 92.
Time
(min) [H 2 0 2 ],
mM
log [H 20 2] rate =
- d [bonds] / dt
(X 10-7)
log r
1 51.6 1.713 10.66 -5.972
15 44.6 1.650 4.25 -6.372
30 42.8 1.632 2.62 -6.582
45 41.7 1.620 2.06 -6.686
75 39.3 1.594 1.71 -6.767
120 35.9 1.556 1.50 -6.824
248 29.9 1.476 1.33 -6.876
Table 44. Kinetic data for the hemoglobin reaction (LH-27). Differential plot
shown in Figure 28; integral plot shown in Figure 93.
Time
(min) [H 2 0 21,
mM
log [H202] rate =
d [bonds] / dt
(x 10-8)
log r
30 43.8 1.642 40.9 -6.388
60 42.2 1.625 24.0 -6.620
120 37.4 1.572 13.3 -6.876
361 34.8 1.541 9.44 -7.025
602 31.6 1.500 8.17 -7.088
912 29.2 1.466 6.41 -7.193
3114 20.3 1.308 0.94 -8.027
Table 45. Kinetic data for the Fe-EDTA reaction at 0.06 mM Fe-EDTA (LH-32).




log [H202] rate =
- d [bonds] / dt
(X 10-7)
log r
1 52.1 1.717 14.2 -5.849
30 45.7 1.660 2.22 -6.654
60 45.3 1.656 1.63 -6.785
120 43.9 1.643 1.14 -6.943
210 42.2 1.625 0.96 -7.017
391 39.4 1.595 0.43 -7.367
1437 30.1 1.479 0.36 -7.444
2915 21.8 1.338 0.11 -7.959
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Table 46. Kinetic data for the disappearance of hydrogen peroxide.
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Figure 88. Integral plot for the control reaction (peroxide only) for H20 2 < 40 mM. LH-
30.
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y = 2.5787e-5 + 2.3475e-llx





400 600 800 1000 1200 1400 1600 1800
Figure 90. Integral plot for the FeSO4 catalyzed reaction for H20 2 < 20 mM. LH-28.
- 161 -




1000 2000 3000 4000 5000 6000
Figure 92. integral plot for the Fe-EDTA catalyzed reaction for H202 < 40 mM. LH-29.
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Figure 93. Integral plot for the hemoglobin catalyzed reaction. LH-27.
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APPENDIX V
DATA FROM HEC EXPERIMENTS
This appendix contains all data from experiments with hydroxyethyl cellulose
(HEC). Tables 47 - 54 are numerical values for data obtained. This appendix includes data from
control experiments with no hydrogen peroxide (HEC alone and plus catalysts). In all cases,
intrinsic viscosity measurements were made in duplicate.
Time
(min)
Table 47. Data for the control reaction (no catalyst) at 20 mM H2 0 2. Reaction




Res. Dec. Cons. pH Chemi. Std. [r"] Mv Std.
0 - - - 3.32 - - 1.559 983,716 48,150
2 19.50 - -- 3.18 - -- 1.150 693,115 18,521
47 19.38 - --- 3.14 --- 1.115 669,247 4,292
93 19.90 - 3.15 - - 1.008 595,953 7,735
166 19.70 - --- 3.11 --- - 0.893 518,345 16,910
241 19.90 - --- 3.05 --- 0.825 473,422 31,627
Table 48. Data for the control reaction (no catalyst) at 40 mM H202. Reaction
conditions: 3.0 g/l HEC, 40 mM H20 2, pH 3.0, 45°C. HH-19, Nbk.
4201, Pg. 141.
Hydrogen Peroxide (mM) Hydroxyethyl Cellulose
Time
(min) Res. Dec. Cons. pEH Chemi. Std. Mv Std.
0 -- - - 3.14 - - 1.435 894,011 2,431
3 37.92 --- 3.07 -- 1.140 686,627 8,173
33 36.46 -- - 2.97 - -- 1.045 621,405 28,259
91 36.67 - - 2.88 - - 0.954 559,155 596
180 36.92 - -- 2.83 - - 0.849 489,414 11,253
307 37.33 - - 2.78 - --- 0.712 399,350 3,526
445 . 37.75 - - 2.75 - - 0.604 330,742 3,244
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Table 49. Data for the FeSO4 reaction at 20 mM H20 2. Reaction conditions: 3.0




(min) Res. Dec. Cons.
Hydroxyethyl Cellulose
pH Chemi. Std. [Ti
0 - - 2.87 5.08 3.27 1.399 869,107 142,454
2 21.12 - - 2.83 242.88 38.46 0.225 106,217 242
25 20.12 - --- 2.71 749.18 86.91 0.079 31,978 3,740
50 19.40 - --- 2.97 913.80 55.77 0.058 22,494 2,775
77 18.60 - --- 3.08 964.01 82.70 0.043 15,769 265
120 18.10 - - 3.05 1251.80 188.27 0.033 11,872 15
182 17.70 - --- 2.97 1263.70 63.04 0.030 10,631 2,277
242 17.40 - - 2.99 1149.39 117.07 0.024 8,235 416
Table 50. Data for the FeSO4 catalyzed reaction at 40 mM H20 2. Reaction
conditions: 3.0 g/l HEC, 40 mM H20 2, 0.2 mM FeSO4, pH 3.0,
45°C. HH-21, Nbk. 4201, Pg. 147.
Hydrogen Peroxide (mM) Hydroxyethyl Cellulose
Time
(min) Res. Dec. Cons. pH Chemi. Std. [ Mv Std.
0 - - - 3.16 9.86 5.92 1.406 873,332 26,003
2 37.38 - -- 3.12 355.95 3.04 0.289 141,943 1,830
11 36.50 - - 3.10 1533.30 125.60 0.139 61,240 218
21 - - - 3.05 2239.51 129.55 0.080 32,522 2,533
31 - - - 3.03 2524.96 113.89 0.057 21,878 779
Mv Std.
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Table 51. Data for the Fe-EDTA catalyzed reaction at 20 mM H202. Reaction
conditions: 3.0 g/l HEC, 20 mM H 202, 0.2 mM Fe-EDTA, pH 3.0,




pH Chemi. Std. [] Mv
0 - - -- 3.24 2.84 1.56 1.216 739,721 93,128
2 20.92 - - 3.23 21.14 8.23 0.591 322,959 42,978
17 20.08 - -- 3.25 44.88 11.70 0.470 247,752 5,654
30 19.88 - -- 3.29 62.99 11.00 0.382 195,168 3,707
61 19.66 - -- 3.24 80.31 11.67 0.292 143,170 1,022
91 19.63 - -- 3.24 100.52 22.99 0.205 95,834 15,202
150 19.63 - - 3.17 109.27 23.31 0.181 82,552 --
243 19.40 - -- 3.22 172.62 15.29 0.189 53,444 5,576
Table 52. Data for the Fe-EDTA catalyzed reaction at 40 mM H20 2. Reaction
conditions: 3.0 g/` HEC, 40 mM H202, 0.2 mM Fe-EDTA, pH 3.0,
45°C. HH-20, Nbk. 4201, Pg. 144.
Hydrogen Peroxide (mM) Hydroxyethyl Cellulose
Time
(min) Res. Dec. Cons. pH Chemi. Std. rl] Mv Std.
0 -- -- 3.05 17.26 2.78 1.377 852,774 4,379
2 38.46 --- --- 3.09 132.39 13.90 0.902 524,630 12,159
15 37.50 - - 3.07 411.97 49.79 0.649 359,269 10,050
30 36.83 - --- 3.05 682.14 55.23 0.508 270,958 4,445
60 37.08 - -- 3.00 949.71 79.91 0.293 144,198 360
91 36.67 -- - 2.98 1359.16 98.73 0.201 93,237 1,208
135 37.25 --- --- 2.96 2012.62 86.52 0.133 58,162 1,388




Table 53. Data for the hemoglobin catalyzed reaction at 20 mM H20 2. Reaction
conditions: 3.0 g/l HEC, 20 mM H2 0 2, 0.2 g/l hemoglobin, pH 3.0,
45°C. HH-17, Nbk. 4143, Pg. 164.
Hydrogen Peroxide (mM)
Res. Dec. Cons. pH Chemi. Std.
Hydroxyethyl Cellulose
[] Mv Std.
0 ---- 3.27 774.29 147.83 1.445 901,327 13,486
2 22.25 - -- 3.30 217.99 57.47 1.057 629,431 629
60 19.87 -- - 3.26 94.98 26.26 0.638 351,951 12,181
120 19.70 --- - 3.24 63.50 11.29 0.476 251,801 700
182 -- --- --- 3.24 42.10 8.58 0.388 198,863 3,233
325 - - -- 3.21 39.23 1.27 0.279 136,008 5,099
Table 54. Data for the hemoglobin catalyzed reaction at 40 mM H20 2. Reaction
conditions: 3.0 g/l HEC, 40 mM H2 0 2, 0.2 g/l hemoglobin, pH 3.0,
45°C. HH-22, Nbk. 4201, Pg. 151.
Hydrogen Peroxide (mM) Hydroxyethyl Cellulose
Time
(min) Res. Dec. Cons. pH Chemi. Std. [r] Mv Std.
0 - -- 3.10 2136.65 258.81 1.241 930,348 2,647
2 40.04 - - 3.13 100.00 0.60 1.116 669,867 878
48 37.88 - -- 3.03 68.07 35.31 0.699 391,471 1,169
93 36.92 - - 3.01 45.61 3.72 0.488 258,547 5,418
185 36.96 - - 3.00 41.82 8.52 0.343 172,636 5,856
305 38.06 - - 2.97 - - 0.252 120,840 660






DATA FROM COMBINED SUBSTRATE EXPERIMENTS
This appendix contains all data from experiments with lignosulfonate and
hydroxyethyl cellulose (HEC). Tables 55 - 67 are numerical values for data obtained. This is
followed by figures comparing various sets of experiments. This appendix also contains data for
the control reactions where no hydrogen peroxide was added (substrates alone and plus catalysts).
Table 55. Data for the control reaction (no catalyst). Reaction conditions: 3.0 g/1
HEC, 0.5 g/l lignosulfonate, 20 mM H20 2 , pH 3.0, 45°C. S-8, Nbk.
4201, Pg. 26.
Peroxide (mM)
Dec. Cons. pH Chemi. Std.
0 --- 3.17 18.41 3.03
2 20.30 0.00 0.00 3.16 12.18 8.63
30 18.87 2.26 -1.13 3.10 39.71 34.91
60 18.97 2.48 -1.45 3.08 11.03 6.35
105 18.48 2.61 -1.09 3.03 23.30 10.50
202 18.90 2.61 -1.51 3.00 19.13 12.93











0 3480 19.1 1842 31.8
20 657,876 24,426 77,495 4267
3,548 112.4 2166 27.6
30 719,428 35,842 114,600 2668
3,288 18.4 2034 1.4
60 701,405 19,170 113,104 404
3214 46.0 1995 12.7
105 601,621 41,111 102,932 4578
2876 14.8 1520 24.8
202 471,584 31,382 88,018 728
2732 14.8 1383 6.4
349 394,916 38,293 77,100 586
























Table 57. Data for the FeSO4 catalyzed reaction. Reaction conditions: 3.0 g/l
HEC, 0.5 g/l lignosulfonate, 20 mM H 20 2, 0.2 mM FeSO4, pH 3.0,
45°C. S-1, Nbk. 4143, Pg. 179.
Hydrogen Peroxide (mM)
Time
(mi) Res. Dec. Cons. pH Chemi. Std.( in) " '
0 -- _ _ -
2 19.98 0.00 0.03
15 17.40 2.12 0.48
29 16.40 2.22 1.38
59 14.83 2.35 2.82
105 13.53 1.98 4.49
174 12.35 0.83 6.82














Mn Std. Mw/Mn [T]I
by Viscometry
Mv
0 6,646 -- 3,035 -- 2.19 1.418 881,846 4,550
2 725,677 - 85,679 - 8.47 0.173 78,767 757
15 444,150 - 34,923 -- 12.7 0.066 25,740 1,119
29 308,878 -- 28,777 -- 10.7 0.047 17,612 -
59 195,765 - 18,629 - 10.5 0.032 11,092 -
105 108,128 -- 14,938 -- 7.24 0.020 6,547 --
174 62,825 -- 11,735 - 5.35 0.016 2,505 3,542
255 38,896 - 9,484 - 4.10 0.010 2,977 211
Table 59. Data for the Fe-EDTA catalyzed reaction. Reaction conditions: 3.0 g/l
HEC, 0.5 g/l lignosulfonate, 20 mM H20 2, 0.2 mM Fe-EDTA, pH
3.0, 45°C. S-2, Nbk. 4143, Pg. 183.
Hydrogen Peroxide (mM)
Time
(min) Res. Dec. Cons. pH Chemi. Std.
0 -- - - 3.20. 46.52 9.02
0 - -- -- 3.13 13.14 4.22
2 20.52 0.00 -0.52 3.12 22.96 3.43
26 18.05 2.28 -0.33 3.09 38.03 2.94
50 16.73 2.41 0.87 3.08 44.66 9.12
95 15.18 2.44 2.38 3.04 45.15 7.34
155 13.50 2.18 4.32 3.00 43.94 7.35
240 11.55 1.48 6.97 2.95 49.47 13.68
388 9.62 -0.15 10.53 2.86 38.62 4.35
Std.
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Table 60. Molecular weight data for reaction S-2 in Table 59.
by HPSEC
Mn Std. Mw/Mn [1q]
by Viscometry
Mv
0 -- 1.358 839,582 -
2 551,771 - 75,258 - 7.14 0.304 150,418 -
26 399,329 - 52,903 - 7.55 0.106 45,000 --
50 277,972 -- 39,013 -- 7.13 0.067 26,421 --
95 146,344 - 23,323 -- 6.27 0.043 15,751 --
155 85,866 - 18,748 -- 4.58 0.027 9369 -
240 58,812 - 14,474 -- 4.23 0.018 5595 --
388 27,705 -- 10,008 - 2.76 0.005 1449 --
Table 61. Data for the hemoglobin catalyzed reaction. Reaction conditions: 3.0
g/l HEC, 0.5 g/l lignosulfonate, 20 mM H20 2, 0.4 g/l hemoglobin, pH






Dec. Cons. pH Chemi. Std.
0 -- -- 6.80 ---
0 - -- 3.16 --
2 19.69 0.00 0.00 3.18 --
60 18.28 2.00 -0.28 3.06 -- --
121 17.38 1.87 0.75 3.02 - --
240 16.60 1.70 1.70 2.95 -
360 16.28 1.66 2.06 2.89 -- --
477 15.83 1.75 2.42 2.83 --- ---
Time
(min) Mw Std. Std.
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Table 62. Molecular weight data for reaction S-12 in Table 61.
by IHPSEC
Time




0 4709 12.7 2758 28.3
2782 50.2 1830 74.2
2 2681 184 1532 11.3
60 644,640 29,266 74,101 3393
2144 50 1198 14.1
121 345,058 20,689 50,308 484
2002 15.6 1120 9.2
240 415,697 289,611 44,128 6061
2239 25.5 1144 5.7
360 135,005 24,999 32,444 1060
2344 101 1177 32.5






















Table 63. Data for the FeSO4 catalyzed reaction. Reaction conditions: 3.0 g/l
HEC, 3.0 g/l lignosulfonate, 20 mM H2 0 2 , 0.2 mM FeSO4, pH 3.0,
45°C. S-9, Nbk. 4201, Pg. 45.
Hydrogen Peroxide (mM)
Time
(Mini) Res. Dec. Cons. pH 1 Chemi. Std.
0 - -- --- - --
0 -- -- 3.23 46.47 5.43
2 17.30 0.00 0.00 3.21 45.92 1.35
20 13.65 2.89 3.46 3.09 51.05 10.62
45 10.80 3.44 5.76 3.00 48.53 2.83
80 8.05 3.63 8.32 2.93 59.72 29.06
135 5.60 4.19 10.21 2.86 64.20 7.79









Table 64. Molecular weight data for reaction S-9 in Table 63.
by HPSEC
Mw Std. Mn Std. Mw/Mn [TI]
by Viscometry
Mv
0 - - - - - - -
2 - - - --
60 -- - - - --
121 - - -
240 -- -- -- -- --
360 . --
477 - --
Table 65. Data for the FeSO4 catalyzed reaction. Reaction conditions: 0.2 g/l
HEC, 0.5 g/l lignosulfonate, 20 mM H2 0 2 , 0.2 mM FeSO4, pH 3.0,
45°C. S-7, Nbk. 4201, Pg. 21.
Hydrogen Peroxide (mM)
Time
(me) Res. Dec. Cons. pH Chemi. Std.
0 - - - 3.18 --
0 - - - 3.17 36.50 4.19
2 17.33 0.00 0.00 3.09 115.03 12.48
20 14.20 2.52 3.28 2.98 352.57 19.63
41 15.50 2.83 4.67 2.88 336.71 17.42




Table 66. Molecular weight data for reaction S-7 in Table 65.
by HPSEC
Std. Mn Std. Mw/Mn [I]
by Viscometry
Mv Std.
O -- - -- -- -- -- --
0 --- -- -- -- -- --
2 -- -- -- -- -- --
60 .-- -- -- -- -- --
121 -- -- -- - -- --
240 --- -- -- -- - -
360 -- -- -- -- -- --
477 -- -- -- -- -- --
Table 67. Data for the control reaction at elevated pH. Reaction conditions: 3.0
g/l HEC, 0.5 g/l lignosulfonate, 20 mM H20 2, pH 11.0, 45°C. S-13,





Dec. Cons. pH Chemi. Mw Mn Mw/Mn
0 ---- 11.15 -- -- --
0 -- 11.00 - -- -
1 16.50 - - 10.65 -- -- --
15 14.77 -- -- 10.38 -- ---
40 13.33 --- 10.30 - -- -
60 12.33 -- -- 10.33 - -- -
120 8.50 - - 10.28 --- - -
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Figure 94. HPSEC profiles of reaction samples taken from the control reaction. S-8.
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Figure 95. HPSEC profiles of reaction samples taken from the FeSO4 catalyzed reaction.
S-1. Reaction conditions: 3.0 g/l HEC, 0.5 g/l lignosulfonate, 20 mM H20 2,






Figure 96. HPSEC profiles of reaction samples taken from the Fe-EDTA catalyzed
reaction. S-2. Reaction conditions: 3.0 g/l HEC, 0.5 g/l lignosulfonate, 20
mM H20 2, 0.2 mM Fe-EDTA, pH 3.0 and 45°C.
t = 240 min
t = 2 min
Unreacted LS
0 5 10 15 20
Elution Time (minutes)
Figure 97. HPSEC profiles of reaction samples taken from the hemoglobin catalyzed
reaction. S-12. Reaction conditions: 3.0 g/l HEC, 0.5 g/l lignosulfonate, 20










Figure 98. HPSEC profiles of reaction samples taken from the FeSO4 catalyzed reaction.
S-9. Reaction conditions: 3.0 g/l HEC, 3.0 g/l lignosulfonate, 20 mM H2 0 2,





Figure 99. HPSEC profiles of reaction samples taken from the FeSO4 catalyzed reaction.
S-7. Reaction conditions: 0.2 g/l HEC, 0.5 g/l lignosulfonate, 20 mM H20 2,
0.4 g/l hemoglobin, pH 3.0 and 45°C.
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APPENDIX VII
RESULTS FROM THE CHEMILUMINESCENCE ASSAY FOR THE HEMOGLOBIN
CATALYZED EXPERIMENTS
Unfortunately, as noted by Reitberger and Gierer, the hemoglobin present in
reaction samples interferes with the chemiluminescence assay. Figure 100 shows the
chemiluminescent yield obtained from several samples taken from the hemoglobin catalyzed
reaction.
The first sample, with lignosulfonate (LS) alone, was taken prior to addition of the
hemoglobin to the reaction solution. The next sample, taken after hemoglobin was added to the
reactor, shows a large chemiluminescent yield. As no hydroxyl radicals have been generated in the
reaction solution, as hydrogen peroxide has not been added, this value is misleading. The next
sample was taken 1 minute after the reaction was initiated by the addition of hydrogen peroxide.
The large confidence limits of this sample are a result of the chemiluminescent yield decreasing
with time. This is not typical of samples prepared for the chemiluminescence assay. The reason
for the decay present in this sample may be due to the destruction of hemoglobin from the
additional hydrogen peroxide present in the sample preparation.
The chemiluminescent yields obtained for the hemoglobin catalyzed degradation of
lignosulfonate are therefore questionable. However, the chemiluminescent yields from the entire
reaction are shown in Figure 101. After the initial increase, which is documented in detail in
Figure 100, there is no substantial increase in the chemiluminescent yield during the entire reaction.
The value obtained from 30 minutes onward is barely greater than the initial value.
Chemiluminescence data obtained from reactions with hemoglobin and HEC are
shown in Figure 102. Data for both the 20 and 40 mM H20 2 reactions are shown.
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Chemiluminescent yields for three samples from the hemoglobin catalyzed
reaction.


























Figure 102. Chemiluminescence versus reaction time for the hemoglobin catalyzed





A comparison of the rate laws for lignosulfonate and HEC for their dependence on
hydrogen peroxide indicated that at higher concentrations of hydrogen peroxide, the selectivity
favored lignosulfonate degradation over HEC degradation. This was evident because the
lignosulfonate rate laws exhibited a greater dependence on hydrogen peroxide concentration than
those for HEC. This is true as long as the hydrogen peroxide concentration remains above the
critical value, listed in Table 7 (usually 40 mM).
To verify these findings, pulp bleaching experiments were designed in which two
concentrations of hydrogen peroxide were used. By measuring kappa number reductions (lignin
degradation/removal) and viscosity (cellulose degradation) for these pulps, values for selectivity
can be obtained.
Pulp bleaching was performed using reaction conditions similar to those used above
for the model system. For the model system, two different concentrations of iron were used.
These concentration (0.062 mM and 0.5 mM) correspond to 0.1 and 0.8 % of iron on lignin (or
lignosulfonate), respectively.
Pulp bleaching was performed on an oxygen bleached softwood kraft pulp, starting
Kappa = 15.7. After a chelation stage, 25 od grams of pulp were used to determine optimum
conditions. The 0.8% iron on lignin caused too much hemoglobin to be present. This interfered
with the Kappa number determination. Consequently, bleaching was done using the 0.1 % on
lignin ratio. Results from a 24 hour bleach using two peroxide charges are shown in Table 68.
As the peroxide charge is increased from 2.0 to 4.0 %, the kappa number is
reduced for the control and FeS0 4 treatments. The kappa number remains nearly the same for the
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Fe-EDTA treatment, and it increases for the hemoglobin treatment. For this same increase in
peroxide charge, a decrease in the viscosity is seen for only the control reaction.
Values for the selectivity of these treatments are shown in Table 69. Selectivities
were determined by dividing the drop in kappa number by the decrease in viscosity. The FeSO4
treatment is the only one which shows an increase in selectivity as the hydrogen peroxide charge is
increased. For the control, Fe-EDTA and hemoglobin treatments, as the peroxide charge was
increased, selectivity decreased. These results do not agree with those obtained in the model
system.
These results are interesting, but additional work on the selectivity of hydroxyl
radical-generating bleaching systems is needed. These experiments with pulp partially agree with
the results obtained using the model system.
Table 68. Kappa numbers from hydrogen peroxide bleached pulp with the
three catalysts. Bleaching conditions: 10% consistency, 2% H20 2,
0.1% Fe on lignin, 55°C for 24 hours. Starting Kappa = 15.7,
Viscosity 19.0
CATALYST IE202 CHEARGE (%) VISCOSITY KAPPA NUMBER
Control 2.0 13.2 13.6 + 0.4
4.0 8.9 12.6+ 1.8
FeSO 4 2.0 4.3 12.0 + 0.1
4.0 4.7 11.3 + 1.4
Fe-EDTA 2.0 4.0 12.4 + 0.2
4.0 5.0 12.8 + 0.2
Hemoglobin 2.0 4.9 13.7 + 0.1
4.0 6.7 14.5 + 0.3
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Table 69. Selectivity (A kappa / A viscosity) of the three catalysts at two
different hydrogen peroxide charges. Bleaching conditions are as
stated in Table 68.
CATALYST H202 CHARGE (%) SELECTIVITY
Control 2.0 0.36
4.0 0.31
FeSO 4 2.0 0.25
4.0 0.31
Fe-EDTA 2.0 0.22
4.0 0.21
Hemoglobin 2.0 0.14
0.104.0
